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A b r i e f  summary of each  phase of t h e  r e s e a r c h  p r o g r e s s  i s  
g iven  below. 
1. I n f r a r e d  spec t roscopy  us ing  p o l a r i z e d  l i g h t  and stress 
a l ignment  exper iments  on defects induced i n  s i l i c o n  by *45 Mev 
J; 
Served  as p a r t  t i m e  c o n s u l t a n t s ,  l e c t u r e r s ,  e t c . ,  and are f u l l  
t i m e  s c i e n t i s t s  a t  t h e  General  E lec t r i c  Research and Development 
C e n t e r ,  Schenectady,  New York. 
2. 
e l e c t r o n s  have shown t h a t  t h e  1 .8  micron a b s o r p t i o n  band i s  due 
t o  t h e  d ivacancy  d e f e c t  f i r s t  s t u d i e d  by D r .  G .  D .  Watkins and 
D r .  J .  W .  C o r b e t t .  A s u b s t a n t i a l  body of  ev idence  from a n n e a l i n g  
of t h e  d i c h r o i c  r a t i o  and symmetry s t u d i e s  l e a d s  t o  t h e  i d e n t i f i c a t i o n  
of  t h e  1 . 8  micron band w i t h  t h e  d ivacancy  ( i n  one of i t s  t h r e e  
charge  s t a t e s ) .  From t h e  annea l ing  exper iments  w e  conclude t h a t  
t h e  k i n e t i c s  are f i r s t  o r d e r  w i t h  a n  a c t i v a t i o n  energy  f o r  d e f e c t  
m i g r a t i o n  of 3 1 . 2  ev. 
2 .  The s t u d y  of r a d i a t i o n - i n d u c e d  oxygen-defect  complexes i n  
oxygen-doped germanium has  been ex tended  by per forming  a c o l d  
tempera ture  i r r a d i a t i o n  (% 125'K) w i t h  ~ 4 8  Mev e l e c t r o n s  and 
examining t h e  d e f e c t s  u s i n g  i n f r a r e d  spec t roscopy .  I n  a d d i t i o n  t o  
y i e l d i n g  a s i m p l e r  d e f e c t  a b s o r p t i o n  band p a t t e r n  (when compared 
t o  300°K i r r a d i a t i o n  of t h e  same m a t e r i a l )  s u f f i c i e n t  ev idence  i s  
g iven  t h a t  l e a d s  t o  t h e  conclus ion  t h a t  a d e f e c t  band a t  618 c m - l  
may be t h e  germanium A-center ,  i . e . ,  a s imple  complex c o n s i s t i n g  
of  a s u b s t i t u t i o n a l  oxygen coupled t o  a s i n g l e  vacancy s imi l a r  t o  
t h e  ana lagous  r a d i a t i o n - i n d u c e d  d e f e c t  found i n  s i l i c o n  (Si-A c e n t e r ) .  
R e s u l t s  of t h e  a n n e a l i n g  experiments run  on t h i s  sample from 125'K 
-ref=- 3?K-r-s+&- ~- ~ ~ ~- ~~ ~~ ~ ~ ~ ~ ~ 
3.  The s t u d y  of l i f e t i m e  and t r a p p i n g  i n  6 - 50 Mev e l e c t r o n -  
i r r a d i a t e d  germanium has  been extended t o  i n c l u d e  measurements of  
ca r r ie r  c o n c e n t r a t i o n  and c o n d u c t i v i t y  on b r i d g e - t y p e  samples c u t  
from t h e  same i n g o t  as t h e  p a r a l l e l o p i p e d  l i f e t i m e  samples .  The 
i r r a d i a t i o n s  are made a t  85'K (49 Mev e l e c t r o n s )  and d e t a i l e d  
a n n e a l i n g  exper iments  are run  on t h e  e l e c t r i c a l  p r o p e r t y  sample and 
t h e  l i f e t i m e  sample ( i r r a d i a t e d  s imul t aneous ly )  from H O O K  up t o  
-550°K t o  600'K. The experiments  thus f a r  have been run  on 
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indium - a r s e n i c  - and antimony-doped germanium. 
c o n c l u s i o n s  have been reached  - 1) t h e r e  i s  a c l o s e  cor respondence  
between t r a p p i n g  levels ( l i f e t i m e  > sec) and d e f e c t  a c c e p t o r s  
(carr ier  removers) and t h e  dominant t r a p  level l i e s  0.16 e V  above 
The f o l l o w i n g  
r' 
t h e  v a l e n c e  band, 2 )  t h e  energy dependence o f  t r a p  i n t r o d u c t i o n  
f o r  b o t h  A s -  and Sb-doped germanium i s  rough ly  t h e  s a m e  as w e  
have observed  i n  t h e  energy  dependence of car r ie r  removal ,  3 )  t h e  
dopant  (in t h i s  case a r s e n i c  o r  antimony) has  no s i g n i f i c a n t  e f f e c t  
on t h e  i n t r o d u c t i o n  of long  l i v e d  t r a p s ,  4 )  h e a t  t r e a t m e n t  t o  
@55O0K (15 minute  i s o c h r o n a l s )  is s u f f i c i e n t  t o  r e s t o r e  i n  t h e  
samples , t h e  p re -  i r r a d i a t i o n  l i f e t i m e  , c a r r i e r  c o n c e n t r a t i o n  
and c o n d u c t i v i t y .  N o  l ong- l ived  t r a p p i n g  occur s  i n  p- type  germanium. 
4 .  Electrical  p r o p e r t i e s  ( t empera tu re  dependence o f  c a r r i e r  
c o n c e n t r a t i o n  and c o n d u c t i v i t y )  o f  %50 Mev e l e c t r o n - i r r a d i a t e d  
germanium were s t u d i e d  on samples i r r a d i a t e d  a t  325'K and a t  82OK. 
I n  t h e  82'K i r r a d i a t i o n  lfi-crn n- type  germanium samples doped w i t h  
oxygen ( ~ 1 . 2  x ~ m ' ~ )  and antimony w e r e  compared and marked 
d i f f e r e n c e s  w e r e  observed i n  the d e f e c t  ene rgy  levels produced and 
i n  t h e  a n n e a l i n g  behav io r s  o f  t h e  two samples ,  emphasizing t h e  
4 x p r k m e - * a & i z s .  4LthiLmo&-t1 . .  
t h e  n - type  germanium samples were exposed t o  h i g h  f l u x e s  i n  o r d e r  
t o  s t u d y  t h e  u l t i m a t e  p o s i t i o n  o f  t h e  Fermi l e v e l .  
P o r t i o n s  of  t h e  r e s u l t s  ob ta ined  i n  t h e  r e s e a r c h  program have 
been g i v e n  i n  v a r i o u s  p r e s e n t a t i o n s  and p a p e r s  d u r i n g  t h e  p e r i o d  
15 March 1965 t o  15 September 1965 and are l i s t e d  below. 
1. "Annealing of  I n f r a r e d  Defect Absorp t ion  Bands i n  40 MeV 
E l e c t r o n - I r r a d i a t e d  S i l i con" ,  J. C .  C o r e l l i ,  G .  Oeh le r ,  
J .  F. Becker and K. J.  E i s e n t r a u t ,  Jour .Appl .Phys 36, 1787  
(1965) .  
2- 
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2 .  "Recombination, Trapping and Anneal ing i n  10-50 Mev E l e c t r o n -  
I r r a d i a t e d  Germanium", J .  E .  F i s c h e r  and J .  C .  C o r e l l i ,  
B u l l .  Am. Phys. SOC., - 10,  600 (1965).  
3. "Studies  of  Rad ia t ion  E f f e c t s  i n  30-60 Mev E l e c t r o n - I r r a d i a t e d  
S i l i c o n  and Germanium", J .  C .  C o r e l l i ,  p r e s e n t e d  a t  t h e  IEEE 
Annual Conf. on Nuclear  a n d  Space R a d i a t i o n  Ef fec t s ,  Univ. o f  
Michigan, Ann Arbor , Michigan, J u l y  12-  15 , 1965. 
4 .  Members o f  o u r  group w e r e  a l s o  i n v i t e d  t o  g i v e  t a l k s  on our  
r e s e a r c h  work as fo l lows :  
D r .  John C .  C o r e l l i :  
Knol ls  Atomic Power Laboratory,  Genera l  E lec t r ic  Company, 
Schenectady, New York, March 26,  1965. 
Harpur Co l l ege ,  Binghamton, New York, March 29, 1965. 
U. S. Naval Research Laboratory,  Washington, D.  C . ,  
May 3 ,  1965. 
Providence Col lege ,  Providence,  R. I .  , May 6 ,  1965. 
S t a t e  U n i v e r s i t y  of New York a t  Albany, Albany, New York, 
May 18, 1965. 
NASA Goddard Space F l i g h t  C e n t e r ,  G r e e n b e l t ,  Maryland, 
August 11, 1965. 
M r .  John E .  F i sche r :  
Spargue Electr ic  Company, North Adams, Massachuse t t s ,  
May 5 ,  1965. 
M r .  L i - Jen  Cheng: 
Chalk River Laboratory,  Ontar io ,Canada,  June  26,  1965. 
NASA Goddard Space F l i g h t  Cen te r ,  Greenbe l t ,  Maryland, 
August 11, 1965. 
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11. A Study on I n f r a r e d  Absorpt ion Bands i n  S i l i c o n  Induced by 
C5 45 Mev E l e c t r o n s  - P a r t  I .  The 1.8 Micron Band 
L.  J .  Cheng and M.  G a e r t t n e r  
I n t r o d u c t i o n  
Measurement of  i n f r a r e d  a b s o r p t i o n  i s  a very  u s e f u l  t o o l  f o r  
s t u d y i n g  t h e  n a t u r e  of  r ad ia t ion - induced  d e f e c t s  i n  semiconductors .  
For i r r a d i a t e d  S i ,  t h e r e  have been many i n f r a r e d  a b s o r p t i o n  bands 
observed.  These are t h e  1 . 8 ~  ( l - 7 1 ,  3 . 3 J l  ( 3 , 7 , 8 ) ,  3.9 )1 ( 3 3 )  
5 . 5 y  ( 3  Y 8) , 8 p ( 8 )  , 12y ( 7 Y 8 Y 9,10,11> , 2 0 . 5 ~ ( ~ ~ ~ ~ ) ,  27y ( 3 , W  
(3y12) ,  and some bands between 9 t o  12p ( 7 ~ 8 ~ 1 0 ~ 1 1 ) .  AP 3 0 . 1 ~  
schemat ic  diagram of t h e  bands in  t h e  wavelength range  from 1 t o  
15 microns f o r  s i l i c o n  i s  shown i n  F i g .  1. Among t h e s e  bands,  
o n l y  t h e  1 2 p  band has  been i d e n t i f i e d  as a s p e c i f i c  d e f e c t  ccjn- 
f i g u r a t i o n  and i s  due t o  t h e  v i b r a t i o n  of  t h e  oxygen atom i n  t h e  
vacancy-oxygen complex ( i . e .  the A-center )  Also t h e  bands 
between 9 and 1 2  have been found t o  be a s s o c i a t e d  w i t h  oxygen 
i m p u r i t i e s  i n  samples (7  Y Y 10) 
The g o a l  of t h i s  work w a s  t o  t r y  t o  f i n d  o u t  d e t a i l e d  i n f o r m a t i o n  
conce rn ing  t h e  d e f e c t  c e n t e r  caus ing  t h e  1 . 8 ~ b a n d  by measuring 
s t r e s s - i n d u c e d  a l ignments  of the d e f e c t .  S i m i l a r  s t u d i e s  are 
~~~~ 
~~ 
~~~~ 
~~~ 
~~~~~~~ 
c u r r e n t l y  underway on t h e  3 .3  
i n  t h e  n e a r  f u t u r e .  I n v e s t i g a t i o n  o f  s t r e s s - i n d u c e d  o r d e r i n g  of  
and 3 . 9 ~  band and w i l l  be  r e p o r t e d  Y 
p o i n t  d e f e c t s  i n  o r i e n t e d  s i n g l e  c r y s t a l s  is  a v e r y  f r u i t f u l  t o o l  
t o  s t u d y  t h e  p r o p e r t i e s  o f  d e f e c t s ,  e s p e c i a l l y  d e f e c t  symmetr ies .  
Th i s  t echn ique  a p p l i e d  t o  e l e c t r o n  s p i n  resonance and i n f r a r e d  
a b s o r p t i o n  s t u d i e s  has  been used t o  s t u d y  t h e  r a d i a t i o n - i n d u c e d  
d e f e c t s  i n  s i l i c o n  by o t h e r  workers (9 ,11 ,13 ,14 ,15 ,16)  
6 .  
Among t h e  a b s o r p t i o n  bands in t roduced  by i r r a d i a t i o n ,  t h e  
1 . 8 ~  band w a s  t h e  f i r s t  one t o  b e  observed i n  t h e  neu t ron  - and 
deu te ron  - i r r a d i a t e d  S i  samples('),  and then  i n  e l e c t r o n -  
i r r a d i a t e d  c r y s t a l s .  
n - type  S i .  
0.16 ev a t  300°K. ( 6 )  
The 1 . 8 ~  band w a s  observed  i n  b o t h  p- and 
The wid th  a t  h a l f  maximum i s  about  0.1 ev a t  80°K and 
The peak a b s o r p t i o n  s h i f t s  toward s h o r t e r  
wavelengths  w i t h  d e c r e a s i n g  tempera ture .  Fan and Ramdas (11) 
s t u d i e d  t h e  e f f e c t  of u n i x i a l  stress on t h e  1 . 8 ~  band a t  room 
tempera ture  and l i q u i d  n i t r o g e n  tempera ture .  T h e i r  r e s u l t  w a s  
c o n s i s t e n t  w i t h  t h e  model of a d e f e c t  w i t h  a n  a x i s  of symmetry i n  
t h e  {llO> d i r e c t i o n .  The e f f e c t  w a s  as s t r o n g  a t  7 8 O K  as a t  room 
tempera tu re ,  i n d i c a t i n g  t h a t  change i n  e l e c t r o n i c  d i s t r i b u t i o n  
Y r a t h e r  t han  rearrangement  of t he  d e f e c t  i s  invo lved .  The 1 .8  
band a n n e a l s  acco rd ing  t o  monomolecular k i n e t i c s  w i t h  an  a c t i v a t i o n  
energy f o r  d e f e c t  m i g r a t i o n  o f  about 1 . 2  ev  Jc(3> 
Exper imenta l  Method 
The r e c t a n g u l a r  b a r  samples w e r e  c u t  from commercial ly  
a v a i l a b l e  s i l i c o n  i n g o t s  (pu l l ed  and f l o a t i n g  zone c r y s t a l s ) .  The 
res is t ivi t ies  of t h e  samples before  i r r a d i a t i o n  f o r  most cases 
w e r e  abou t  l O O f l - c m ,  e x c e p t  f o r  t h o s e  mentioned e s p e c i a l l y .  
s u r f a c e s  of t h e  samples f o r  pas s ing  of i n f r a r e d  l i g h t  w e r e  p o l i s h e d  
w i t h  diamond compound and then  0 . 3  micron alumina a b r a s i v e  i n  
The 
~~~~~ _ _ _ _ ~ ~ ~ ~ ~  ~~ _ _ _ _ ~ _ _ _ _ _ _ _ _ _ ~ ~  
o r d e r  t o  ach ieve  good t r ansmiss ion .  A Perkin-Elmer Model 2 1  
I n f r a r e d  Spec t rometer  w a s  used to measure t h e  i n f r a r e d  s p e c t r a .  
A p a i r  of  AgCl p o l a r i z e r s  were mounted i n  t h e  s p e c t r o m e t e r  a t  a 
f i x e d  p o s i t i o n ,  and t h e  samples w e r e  r o t a t e d  through 90° i n  o r d e r  
t o  per form t h e  a b s o r p t i o n  measurement w i t h  p o l a r i z e d  l i g h t .  
h y d r a u l i c  p r e s s  capab le  of  being mounted on t h e  spec t romete r  w a s  
A 
The o r i g i n a l  v a l u e  of E ~ = 0 . 8  eV i s  no t  c o r r e c t .  
value from t h e  Fan and Ramdas d a t a  as abou t  1 . 2  e V .  
We r e e s t i m a t e d  t h e  
7 .  
used f o r  t h e  s t r e s s i n g  experiments a t  room tempera tu re .  The  same 
equipment a l s o  w a s  used f o r  t h e  s t r e s s i n g  exper iments  a t  h i g h e r  
tempera ture  by i n t r o d u c i n g  a s m a l l  o i l  b a t h  around t h e  sample i n  
t h e  s e t u p .  The magnitude of  t h e  s t r e s s  w a s  measured by a p r e s s u r e  
gauge. The i s o c h r o n a l  and i so thermal  a n n e a l i n g  exper iments  w e r e  
c a r r i e d  o u t  i n  a tempera ture  c o n t r o l l e d  f u r n a c e  w i t h  o r  w i t h o u t  
an  o i l  b a t h .  The samples w e r e  i r r a d i a t e d  w i t h  $45 Mev e l e c t r o n s  
from t h e  R,,P,,I, L inea r  Accelerator.  The samples were immersed i n  
a c o l d  w a t e r  b a t h  d u r i n g  i r r a d i a t i o n  which main ta ined  a sample 
tempera ture  of  54O0C. 
Experimental  R e s u l t s  
The p roduc t ion  rates o f  t h e  1 . 8 ~  band i n  p u l l e d  and f l o a t i n g  
zone (FZ) samples by 345 Mev e l e c t r o n s  a t  room t empera tu re  are 
p l o t t e d  i n  F ig .  2 .  The abso rp t ion  i n c r e a s e s  l i n e a r l y  w i t h  
i r r a d i a t i o n .  
The p roduc t ion  rate of t h e  1.8 p band i n  p u l l e d  c r y s t a l s  i s  abou t  
1 . 5  t i m e s  l a r g e r  t h a n  i n  FZ samples. The oxygen c o n c e n t r a t i o n  is  
o f  t h e  o r d e r  of  
o r d e r  of l O I 7  t o  1 O I 8  atoms/cm3 i n  t h e  p u l l e d  c r y s t a l s .  T h e r e f o r e  
t h e  p re sence  of oxygen i n  t h e  sample p l a y s  a r o l e  i n  t h e  fo rma t ion  
o f  t h e  defect.  It w i l l  be shown la ter  t h a t  oxygen is  n o t  a c t u a l l y  
A s imi la r  r e s u l t  was r e p o r t e d  by Fan and Ramdas (11) 
atoms/cm3 i n  t h e  FZ samples and o f  t h e  
a p a r t  o f  t h e  d e f e c t  c e n t e r .  Fan and Ramdas (I1) a l s o  r e p o r t e d  
t h a t  neu t ron  i r r a d i a t i o n  produced t h e  1 .8  p band i r r e s p e c t i v e  of 
t h e  c o n t e n t  of any known impuri ty  i n  t h e  samples.  
The i s o c h r o n a l  annea l ing  of t h e  1 . 8 ~ 1  band f o r  t h r e e  samples 
i s  shown i n  F ig .  3 .  The anneal ing o f  t h e  band shows two stages. 
The magnitude o f  t h e  lower temperature  s t a g e  ( -18OOC) w a s  found 
t o  i n c r e a s e  approximate ly  w i t h  t h e  i n i t i a l  carrier c o n c e n t r a t i o n  
. 8. 
of  t h e  sample.  It  appea r s  t h a t  t h i s  f i r s t  s t a g e  may be due t o  t h e  
recovery  of f r e e  carriers i n  the  sample.  T h i s  would cause  an  
i n c r e a s e  of background a b s o r p t i o n  accompanied by a d e c r e a s e  i n  
t h e  i n t e n s i t y  of  t h e  1 . 8 ~  band s i n c e  a double  beam spec t romete r  
w a s  used.  For t h e  t i m e  be ing ,  the  f i r s t  s t a g e  of t h e  annea l ing  
w i l l  be  n e g l e c t e d ,  s i n c e  w e  b e l i e v e  i t  i s  n o t  the real  a n n e a l i n g  
of t h e  d e f e c t  c a u s i n g  t h e  1 . 8 ~  a b s o r p t i o n  band. 
examine t h e  l as t  s t a g e .  
W e  w i l l  o n l y  
There i s  a v e r y  impor t an t  f e a t u r e  which shou ld  be p o i n t e d  
o u t .  The a n n e a l i n g  tempera ture  f o r  t h e  band i s  h i g h e r  i n  t h e  
f l o a t i n g  zone than  i n  t h e  p u l l e d  c r y s t a l .  This  means t h a t  t h e  
a n n e a l i n g  tempera ture  of t h e  band depends on t h e  oxygen concen- 
t r a t i o n  of t h e  sample.  Watkins and C o r b e t t  (I6) r e p o r t e d  t h a t  t h e  
a n n e a l i n g  of t he  d ivacancy  i n  i r r a d i a t e d  s i l i c o n  e x h i b i t e d  s i m i l a r  
dependence on t h e  presence  of oxygen. They a l s o  showed t h a t  t he  
d i s t r i b u t i o n  of  t h e  paramagnet ic  e l e c t r o n s  from s p i n  resonance  
measurements had a p r e f e r e n t a l  d i r e c t i o n  c l o s e  t o  t h e  (110) 
d i r e c t i o n .  A s  mentioned above, Fan and Ramdas (I1) r e p o r t e d  t h a t  
t h e  d e f e c t  caus ing  t h e  1.8 
The above mentioned s imilar i t ies  between t h e  d ivacancy  and t h e  
d e f e c t  c a u s i n g  t h e  1 . 8 ~  band and d i s c u s s i o n s  w i t h  D r s .  Watkins 
and C o r b e t t  l e d  us t o  s u s p e c t  t h a t  w e  were o b s e r v i n g  t h e  i n f r a r e d  
a b s o r p t i o n  due t o  t h e  d ivacancy .  
band has a symmetry i n  < l l O ) d i r e c t i o n .  r 
~~~~~~ 
~~~~~~~ 
~~~~~ 
~~~ 
I n  F ig .  4 ,  a model of  t h e  divacancy i s  shown which w a s  f i r s t  
g iven  by  C o r b e t t  and Watkins (I9). 
t h r e e  e q u i v a l e n t  e l e c t r o n i c  c o n f i g u r a t i o n s  (see F ig .  5 ) .  Under a 
For each  d ivacancy ,  t h e r e  are 
u n i a x i a l  stress i n  t h e  [loo] d i r e c t i o n ,  t h e  ene rgy  of t h e  two 
e q u i v a l e n t  e l e c t r o n i c  c o n f i g u r a t i o n s  b and c would become lower 
I 
9. . 
t h a n  t h a t  of t h e  e l e c t r o n i c  c o n f i g u r a t i o n  a .  Then, a l o c a l  e l e c t r o n i c  
r e o r i e n t a t i o n  o c c u r s .  The d i s t r i b u t i o n  of  e l e c t r o n s  among t h e s e  
t h r e e  c o n f i g u r a t i o n s  fo l lows  Boltzmann s t a t i s t i c s .  I f  t h e  t r a n s i t i o n  
d i p o l e  moment of t h e  1 .8  
d i r e c t i o n  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  c o v a l e n t  bands,  t h e  
d i c h o r i c  r a t i o  of  t h e  band f o r  [loo] s t r e s s i n g  d u r i n g  t h e  measure- 
band is assumed t o  be a l o n g  t h e  (110) Y 
ment shou ld  be 
where S i s  t h e  s t r e n g t h  o f  t h e  a p p l i e d  stress,  r ,  t h e  component o f  
t h e  e l a s t i c  d i p o l e  i n  t h e  s t r e s s  d i r e c t i o n ;  T ,  t h e  t empera tu re  of 
t h e  measurement; i n  OK and k , t h e  Boltzmann c o n s t a n t .  The v a l u e  
of D is  smaller than  u n i t y  f o r  t h e  (100) s t r e s s i n g  which a g r e e s  
w i t h  t h e  expe r imen ta l  r e s u l t s  shown i n  F ig .  6 and Table I. 
TABLE I 
D i c h r o i c  R a t i o  on the 1.8 p Band of t h e  
Samples During S t r e s s i n g  a t  ~ 2 5 0  C 
I Magnitude of  I n f r a r e d  S t r e s s  S t r e s g  B e a m  i ~ D i r e c t i o n  Q / c m  ----~liu~ion------~~,~~-- 
2000 
2000 
2coo 
0.8 
1.25  
1 . 3  
A l s o ,  i n  Table  I ,  t h e  d i c h r o i c  r a t i o s  due t o  the k 1 d a n d  k11-1 
s t r e s s i n g s  are l i s t e d .  The r e s u l t  i s  t h e  same as t h a t  o b t a i n e d  by 
Fan and Ramdas (I1) and y i e l d s  a f a i r  f i t  t o  t h e  model of a d e f e c t  
w i t h  a t r a n s i t i o n  d i p o l e  moment i n  t h e  d i r e c t i o n .  It w i l l  
10. 
be shown la ter  t h a t  t h e  measured d i r e c t i o n  o f  t h e  t r a n s i t i o n  
d i p o l e  mement i s  about  6' o f f  the (110) d i r e c t i o n .  
t h e  experiment a l s o  shows t h a t  t h e  1 . 8 ~  band i s  unsymmetric w i t h  
r e s p e c t  t o  t h e  a b s o r p t i o n  peak. 
I n  a d d i t i o n  
If one examines t h e  model of t h e  d ivacancy  i n  s i l i c o n  more 
c l o s e l y ,  one can  observe  t h a t  there  i s  a n o t h e r  "degree of  freedom" 
amenable t o  s t u d y  which i s  t h e  r e o r i e n t a t i o n  of t h e  vacancy- 
vacancy axis. 
can  be r e o r i e n t e d  under t h e  a p p l i c a t i o n  of  a h igh- tempera ture  
stress.  Hence, a s t u d y  of t h e  r e o r i e n t a t i o n  of t h e  d e f e c t  under  
h igh- tempera ture  s t r e s s i n g  should y i e l d  more ev idence  as t o  whether  
o r  n o t  t h e  d e f e c t  caus ing  t h e  1 . 8 ~  band is t h e  divacancy.  
Watkins and Corbet t  (I6) r e p o r t e d  t h a t  t h e  d ivacancy  
The vacancy-vacancy axis r e o r i e n t a t i o n  i s  n o t  ache ived  as 
e a s i l y  as t h e  e l e c t r o n i c  r e o r i e n t a t i o n ,  s i n c e  t h e  vacancy-vacancy 
r e o r i e n t a t i o n  must t a k e  p l a c e  by a p r o c e s s  i n  which one o f  t h e  
two vacanc ie s  makes a jump t o  s e p a r a t e  i t  from t h e  o t h e r  vacancy 
by one l a t t i ce  s p a c i n g  and t h e n  t h e  o t h e r  vacancy "pops" i n .  
However t h i s  r e o r i e n t a t i o n  can be made t o  occur  by stress a l ignment  
a t  e l e v a t e d  tempera ture .  I n  this exper iment  w e  f i rs t  compressed 
JC 
w i t h  t h e  sample tempera ture  kept  a t  -16OoC f o r  15 minutes .  
t h e  samples w e r e  cooled  down t o  room tempera ture  wh i l e  s t i l l  under 
Then 
stress. A f t e r  c o o l i n g  t o  room tempera ture  t h e  samples w e r e  
removed from t h e  s t r e s s i n g  appara tus  and i n s e r t e d  i n  t h e  i n f r a r e d  
s p e c t r o m e t e r  equipped w i t h  a AgCl p o l a r i z e r .  A s i g n i f i c a n t  
d i chor i sm w a s  observed i n  t h e  1 . 8 ~  band a t  room tempera tu re ,  when 
J- ,. 
W e  would l i ke  t o  acknowledge t h e  h e l p  of D r .  G. D.  Watkins who 
d i d  the s t r e s s i n g  f o r  o u r  f i r s t  two samples.  
I .  11. 
I t h e  i n f r a r e d  beam w a s  i n  [1701 - and f o o l /  d i r e c t i o n s  (shown i n  . -  
I F i g .  7 ) .  From t h i s  r e s u l t ,  w e  a r e  a b l e  t o  conclude  t h a t  t h e  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
t 
I 
I 
I 
I 
d e f e c t  has an  atomic symmetry lower t h a n  t h e  symmetry o f  s i l i c o n  
c r y s t a l .  
d i r e c t i o n  i s  s i m i l a r  t o  t h e  s t r e s s  r e sponse  o f  t h e  d ivacancy  
r e p o r t e d  by Watkins and Corbe t t  ( I 6 ) .  
Also  t h e  stress response o f  t h e  d e f e c t  i n  t h e  (110) 
Under t h e  assumptions t h a t  
t h e  d e f e c t  i s  a divacancy and the d i p o l e  t r a n s i t i o n  of t h e  
d ivacancy  i s  roughly  a long  t h e  {llO} a x i s  i n  t h e  p l a n e  p e r p e n d i c u l a r  
t o  t h e  two c o v a l e n t  bonds w e  estimate t h a t  t h e . r a t i o  between t h e  
number of t he  d i v a c a n c i e s  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  stress 
a x i s  and t h e  number of t h e  d ivacanc ie s  p a r a l l e l  t o  t h e  stress a x i s ,  
”’/.. 
C o r b e t t  ( I6)  and assuming ILL= e-  kT , w e  a l s o  estimate t h e  v a l u e  
?hIl 
p r e s s u r e  t o  be about  2 ,  which i s  i n  good agreement w i t h  o u r  d a t a .  
It  w i l l  be seen  later i n  t h e  annea l ing  experiment  t h a t  t h e r e  is 
no d i f f e r e n c e  between s t r e s s i n g s  of  15 minutes  and one hour ,  s i n c e  
i s  about  2 .  Using t h e  divacancy d a t a  o f  Watkins and 
fi 
Xll  2 of  t h e  divacancy f o r  1 hour s t r e s s i n g  under 3000 kg/cm 
t h e  r e l a x a t i o n  t i m e  of  t h e  r e o r i e n t a t i o n  p r o c e s s  i s  about  15 
minutes  o r  less. 
S i n c e  t h e  vacancy-vacancy a x i s  of t h e  d ivacancy  i s  i n  a(,) 
~~~~~~ 
~ ~~~ 
d i r e c t i o n  ( i f  w e  n e g l e c t  t h e  smal l  s h i f t  of t h e  a x i s  due t o  Jahn- 
Teller d i s t o r t i o n ) ,  s t r e s s i n g  i n  a (100) d i r e c t i o n  a t  h i g h  
t empera tu re  shou ld  n o t  produce any energy s p l i t t i n g  among a l l  t h e  
o r i e n t a t i o n s  of t h e  d i v a c a n c i e s  i n  t h e  sample. I n  o t h e r  words,  
no d i ch ros im should  be observed a f t e r  a h igh- tempera ture  stress 
a l o n g  a (100)direct ion.  
s i g n i f i c a n t  d i ch ros im i s  observed f o r  t h e  1.8 band a f t e r  
Our exper imenta l  d a t a  have shown no 
r 
12. 
s t r e s s i n g  a long  a (100} d i r e c t i o n  a t  a t empera tu re  of  16OoC f o r  
15 minutes  (see Table  11). 
TABLE I1 
Dichro ic  R a t i o  on t h e  1.8 p Band of  t h e  Samples 
A f t e r  S t r e s s i n g  a t  d l 6 0 0  C f o r  15 Minutes 
Magnitude I n f r a r e d  
Of S t r  ss B e a m  - 
D i r e c t i o n  Kg/cm D i r e c t i o n  %,I 5 
Stress 
I 
The above r e s u l t s  demonstrate  t h a t  t h e  d e f e c t  c a u s i n g  t h e  1 . 8 ~  
band has an  atomic symmetry a x i s  a l o n g  a (111) d i r e c t i o n ,  which 
f i t s  v e r y  w e l l  w i t h  t h e  model of t h e  divacancy.  
I s o c h r o n a l  a n n e a l i n g  experiments  were c a r r i e d  o u t  on t h e  
r ecove ry  of  t h e  s t r e s s - i n d u c e d  d ichro ism.  F igu re  8 shows the 
P i s o c h r o n a l  a n n e a l i n g  of the  s t r e s s - i n d u c e d  d i ch ro i sm i n  t h e  1.8 
band and the  s p i n  resonance d a t a  on t h e  d ivacancy  g iven  by Watkins 
and C o r b e t t  Our a n n e a l i n g  exper iments  w e r e  run  u s i n g  t h e  
~ ~~ ~~ ~ ~ ~~ ~~~ 
s a m e  a n n e a l i n g  t i m e s  (15 minutes) as Watkins and C o r b e t t .  (16) 
ml- nu 
f n, The p o l a r i z a t i o n  d e f i n e d  as has  been c a l c u -  
l a t e d  from t h e  expe r imen ta l  d a t a  by u s i n g  the f a c t  t h a t  t h e  d e f e c t  
has  e l e c t r o n i c  symmetry a long  t h e  (110) d i r e c t i o n  and a tomic  
symmetry a l o n g  t h e  {lll} d i r e c t i o n  as i s  t h e  case f o r  t h e  divacancy.  
From F i g .  8 i t  can  be s e e n  t h a t  t h e  p o l a r i z a t i o n  of  t h e  d e f e c t  
c a u s i n g  t h e  1 . 8 ~  band i s  i s o c h r o n a l l y  annea led  o u t  i n  t h e  same 
13.  1. 
I 
I 
manner as t h e  annea l ing  of t h e  p o l a r i z a t i o n  of  t h e  d ivacancy  
r e p o r t e d  by Watkins and Corbe t t  (16) 
I s o t h e r m a l  annea l ings  of the d i c h r o i s m  and of t h e  normal 
a b s o r p t i o n  o f  t h e  1 . 8 ~  band both a n n e a l  o u t  e x p o n e n t i a l l y  w i t h  
t i m e ,  i . e . ,  fo l low f i r s t  o r d e r  k i n e t i c s  (see F i g s .  9 and 10) .  The 
a c t i v a t i o n  energy  f o r  a n n e a l i n g  ou t  of  t h e  d i ch ro i sm and o f  the 
normal a b s o r p t i o n  band i s  t h e  same %1.2  ev, see F ig .  11. The 
a n n e a l i n g  exper iments  demonstrate t h a t  t h e  d e f e c t  c a u s i n g  t h e  1.8 
band i s  annea led  o u t  th rough a p r o c e s s  of  d i f f u s i o n  i n  t h e  
c r y s t a l .  
t h a t  t h e  d ivacancy  has  t h i s  s i m i l a r  p r o p e r t y  f o r  a n n e a l i n g .  From 
expe r imen ta l  d a t a ,  w e  estimate t h e  f requency  f a c t o r  of  r e o r i e n t a t i o n  
11 of  t h e  d e f e c t  c a u s i n g  t h e  1.8 band t o  be -,6 x 10 /sec. A l s o  
t h e  f requency  f a c t o r s  o f  t h e  annea l ings  of t h e  d e f e c t  c a u s i n g  t h e  
1 . 8 ~  band i n  p u l l e d  and F.Z. samples are s8 x 10 /sec and 
5 4  x 10 /sec r e s p e c t i v e l y .  The r a t i o  of t h e  f requency  f a c t o r  
i n  FZ t o  p u l l e d  c r y s t a l s  may be r e p r e s e n t a t i v e  of t h e  r a t i o  o f  t h e  
c o n c e n t r a t i o n s  o f  t h e  d e f e c t  s inks  i n  b o t h  c r y s t a l s .  The con- 
c e n t r a t i o n  o f  oxygen i m p u r i t i e s  i n  a p u l l e d  c r y s t a l  i s  h i g h e r  t h a n  
that+ ~ h z r y s - t s a + ~ + a e t ~ U W  J&edLf€ere&P:twee.n 
t h e  two f requency  f a c t o r s  shows t h a t  t h e  oxygen impur i ty  i s  one 
of  t h e  major t r a p s  f o r  t h e  divacancy d e f e c t ,  b u t  n o t  n e c e s s a r i l y  
Watkins and Corbe t t  (I6) have mentioned i n  t h e i r  pape r  
Y 
8 
7 
t h e  o n l y  one. 
D i s c u s s i o n  and Conclusions 
The c l o s e  s i m i l a r i t y  i n  the r e s u l t s  of  ou r  i n f r a r e d  s t u d i e s  
and t h e  s p i n  resonance r e s u l t s  of Watkins and Corbe t t  (I6) p r e s e n t  
a s u b s t a n t i a l  body o f  ev idence  which l e a d s  us  t o  conclude t h a t  
t h e  d e f e c t  involved  i n  t h e  1.8 micron band i s  i n  f a c t  t h e  r 
14. 
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divacancy.  However t h e r e  a r e  a f e w  minor expe r imen ta l  f a c t s  
r e q u i r i n g  f u r t h e r  e x p l a n a t i o n  i n  s u p p o r t  of  t h i s  c o n c l u s i o n ,  t h e  
most impor tan t  of which i s  t h a t  t h e  p r o d u c t i o n  rate of t h e  d ivacancy  
i n  p u l l e d  c r y s t a l s  i s  h i g h e r  than i n  FZ samples .  A p l a u s i b l e  
e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e s  i n  p r o d u c t i o n  ra te  i s  t h a t  t h e  
i n t e r s t i t i a l  oxygen atoms may have a comparably l a r g e r  d i s p l a c e -  
ment c r o s s  s e c t i o n  than  t h e  s i l i c o n  atoms i n  t h e  c r y s t a l  l a t t i ce .  
I f  t h i s  i s  t r u e ,  t h e  s c a t t e r e d  e n e r g e t i c  oxygen atoms w i l l  
produce more d ivacanc ie s  t h a t  r e c o i l i n g  s i l i c o n  atoms through t h e i r  
c o l l i s i o n s  w i t h  s t a t i o n a r y  s i l i c o n  atoms i n  t h e  l a t t i ce .  However, 
more i n v e s t i g a t i o n s  are needed t o  a s c e r t a i n  t h e  p r e c i s e  r o l e  which 
t h e  oxygen atoms p l a y  i n  t h e  formation of  t h e  d ivacancy  i n  s i l i c o n  
d u r i n g  i r r a d i a t i o n .  
A s imple  molecular  o r b i t a l  t r e a t m e n t  of t h e  d ivacancy  by t h e  
method of l i n e a r  combinat ion of a tomic  o r b i t a l s  (LCAO) w a s  g iven  
by Watkins and C o r b e t t  i n  t h e i r  d ivacancy  pape r  ( I 6 ) .  
i n  t h e  u n d i s t o r t e d  s i l i c o n  l a t t i c e  has  D3d symmetry. 
A d ivacancy  
A f t e r  a 
J a h n - T e l l e r  d i s t o r t i o n  t h e  symmetry of t h e  d e f e c t  becomes CZh. A 
s imple  LCAO m o l e c u l a r - o r b i t a l  model of t h e  e l e c t r o n i c  s t r u c t u r e  of 
t h e d i v a r a n r y  after  J a h n  T e l l ~ r  distnr t i m  i s  sh own in Fi ' g *  L- 
w i t h  the p o s s i b l e  t r a n s i t i o n s  due t o  t h e  d i p o l e  moments i n  z- 
d i r e c t i o n  and x-y p l a n e .  The p o s s i b l e  t r a n s i t i o n s  occur  due t o  t h e  
f a c t  t h a t  t h e  t r a n s i t i o n  p r o b a b i l i t y  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  
of  t h e  matrix element  (f 11 i) , where ]i} i s  t h e  i n i t i a l  s t a t e  of  
the sys tem,  f i s  the f i n a l  s ta te ,  and I i s  the Hamil tonian of 
t h e  i n t e r a c t i o n  between t h e  d ipo le  of  t h e  sys tem and t h e  e l e c t r o -  
J; 
Q 
ik 
W e  t hank  D r .  G .  D .  Watkins f o r  v e r y  v a l u a b l e  d i s c u s s i o n s  on t h i s  
s u b j e c t .  
15. 
magnet ic  f i e l d  of t h e  l i g h t  (I & e R ) .  
v a n i s h ,  u n l e s s  t h e  composi t ions  of  t h e  d i r e c t  p roduc t  of t h e  
i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  i 
f i r r e d u c i b l e  r e p r e s e n t a t i o n s  of D , a c c o r d i n g  t o  group t h e o r y .  
From our  expe r imen ta l  r e s u l t  on  t h e  d i ch ro i sm a f t e r  h i g h  t empera tu re  
s t r e s s i n g ,  we  deduce t h a t  t h e  t r a n s i t i o n  d i p o l e  moment i s  n o t  i n  
t h e  z - d i r e c t i o n ,  o the rwise  we would g e t  a n  o p p o s i t e  d i ch ro i sm.  
So w e  s h a l l  c o n s i d e r  t h e  t r a n s i t i o n s  w i t h  t h e  d i p o l e s  i n  x-y 
p l a n e .  The t r a n s i t i o n ,  d ,  i n  Fig. 12  shou ld  be n e g l e c t e d ,  s i n c e  
i t  e x i s t s  on ly  f o r  t h e  t r i p l e  nega t ive ly-charged  d ivacancy  which 
i s  no t  p r e s e n t  i n  i r r a d i a t e d  s i l i c o n .  
The m a t r i x  e lement  w i l l  
- 1  and I ,  D'x D , c o n t a i n  t h e  s a m e  
Some rough e s t i m a t i o n s  are  made f o r  t h e  a n g l e  between t h e  
-1- 
q o  d i p o l e  and t h e  y a x i s ,  8 ,  which is  d e f i n e d  as 0 = t a n  
The r e s u l t  i s  t h a t  0a * 65O, CJb 2 20°, and 0c 
t r a n s i t i o n s ,  a ,  b ,  and c r e s p e c t i v e l y .  I n  t h e  e s t i m a t i o n ,  we  
have used t h e  fo l lowing  s i m p l i f i c a t i o n s ;  1) i g n o r e  t h e  o v e r l a p  of  
t h e  wavefunct ions ,  i . e .  (alb} = 0 e t c . ;  
where Xa i s  t h e  x-component of  t he  p o s i t i o n  v e c t o r  of t h e  a atom, 
and s o  on. Also  w e  have e s t ima ted  t h e  re la t ive  i n t e n s i t i e s  f o r  
6 O  f o r  t h e  
2) assume (.Ixla> = Xa (.I.>, 
2 2 t h e  t r a n s i t i o n s ,  a ,  b ,  and c, t o  be 0 .3  a , 1 . 3  a2 and 1 . 7  a 
____ '- ~~ ~ -~
re s pe c t ive 1 y . 
Now w e  s h a l l  check which t r a n s i t i o n  b e s t  f i t s  o u r  e x p e r i m e n t a l  
d a t a .  For a sample o r i e n t a t e d  i n  such  a way t h a t  t h e  stress 
d i r e c t i o n  a t  ' ~ 1 6 0 O C  w a s  app l i ed  i n  El4 d i r e c t i o n  and t h e  
o b s e r v a t i o n s  made i n  k1g and d i r e c t i o n s ,  t h e  c a l c u l a t e d  
d i c h r o i c  r a t i o s  are; 
16. 
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f o r  t h e  i n f r a r e d  beam i n  t h e  Dol] and [ l I O J  d i r e c t i o n s  r e s p e c t i v e l y .  
The c a l c u l a t e d  r a t i o s  o f  
from t h e  above formulas  a r e  p l o t t e d  as a f u n c t i o n  of  8 i n  F ig .  13 
. Also t h e  expe r imen ta l  v a l u e  of  t h e  n, f o r  v a r i o u s  values of  - 
Il 
r a t i o  f o r  3 2 i s  shown i n  t he  f i g u r e ,  from which we  have 8 - 6  . 0 
‘1 
This  expe r imen ta l  r e s u l t  y i e l d s  a good f i t  w i t h  t r a n s i t i o n  
c .  The re fo re  w e  would l i k e  t o  sugges t  t h e  c o n c l u s i o n  t h a t  t h e  
1.8 band i s  due t o  t h e  t r a n s i t i o n  c as shown i n  F ig .  1 2 ,  as 
r e s u l t i n g  from an  a p p l i c a t i o n  of t h e  s imple  model of Watkins and 
C o r b e t t  ( I 6 ) .  This  t r a n s i t i o n  c can e x i s t  i n  t h e  s i n g l e  n e g a t i v e ,  
n e u t r a l ,  and s i n g l e  p o s i t i v e  charged s t a t e  of  t h e  d ivacancy  d e f e c t .  
U n f o r t u n a t e l y ,  ou r  expe r imen ta l  r e s u l t  cannot  g i v e  any d i r e c t  
i n f o r m a t i o n  concern ing  t h e  charged s ta te  of  t h e  d e f e c t  which g i v e s  
r ise t o  t h e  1 . 8 ~  band. 
However, w e  can u s e  some i n d i r e c t  ev idence  on t h e  Fermi 
level dependence of t h e  1.8 band t o  deduce t h e  cha rge  s ta te  of  
t h e  d e f e c t .  From t h e  known charge states of t h e  d ivacancy  ( s e e  
F ig .  14 i n  r e f e r e n c e  1 6 ) ,  i t  is  q u i t e  p o s s i b l e  t h a t  t h e  cha rge  
state o f  t h e  d ivacancy  caus ing  the  1 . 8 ~  band is n e u t r a l .  
no m a t t e r  what t h e  charge  s t a t e  of t h e  d e f e c t  i s ,  one would l i k e  
t o  obse rve  some i n f r a r e d  a b s o r p t i o n s  due t o  two o t h e r  cha rge  s ta tes  
However, 
1. 
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of  t h e  divacancy d e f e c t .  Due t o  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n s  
between e l e c t r o n s ,  t h e  e n e r g i e s  r e q u i r e d  t o  make t h e  t r a n s i t i o n s  
w i l l  be  expec ted  t o  be  d i f f e r e n t  from t h a t  of t h e  1 . 8 ~  band. 
There are two good c a n d i d a t e s  f o r  t h e s e  among a l l  o t h e r  i n f r a r e d  
a b s o r p t i o n  bands i n  i r r a d i a t e d  s i l i c o n ,  which are t h e  3 . 3 ~  band 
i n  n- type  s i l i c o n  and t h e  3 . 9 ~  band i n  p - type  s i l i c o n ,  w e  have 
observed  b o t h  bands.  I n  a f u t u r e  p a p e r ,  w e  s h a l l  r e p o r t  on some 
s t u d i e s  r e l a t i n g  t o  t h e  3 . 3  and 3 . 9 ~  bands ,  a t  which t i m e  w e  s h a l l  
be  a b l e  t o  conclude whether  o r  no t  t hey  are due t o  t h e  o t h e r  
cha rge  states of t h e  d ivacancy .  
I .  18. 
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111. I n f r a r e d  S t u d i e s  of 48 Mev E l e c t r o n - I r r a d i a t e d  
( a t  125'K) Oxygen-Doped Germanium 
M. Gae r t tne r  
I n t r o d u c t i o n  
W e  have r e c e n t l y  repor ted( ' )  i n f r a r e d  s t u d i e s  on oxygen-doped 
germanium i r r a d i a t e d  a t  2 5 O C  by 40-60 Mev e l e c t r o n s .  I s o c h r o n a l  
a n n e a l i n g  experiments  w e r e  performed from abou t  7OoC up t o  4OO0C 
(20 minute  t i m e  p u l s e s )  and dur ing  t h e  c o u r s e  of  a n n e a l i n g  14 
r a d i a t i o n - i n d u c e d  d e f e c t  abso rp t ion  bands i n  t h e  wavelength range  
11 t o  18 microns w e r e  observed and s t u d i e d .  No r a d i a t i o n - i n d u c e d  
bands from 9 t o  16 microns a r e  observed i n  i r r a d i a t e d  oxygen-free 
germanium. I n  t h e  r o m  temperature  i r r a d i a t i o n  t h e  r e s u l t s  y i e l d e d  
s t r o n g  ev idence  t h a t  one of t he  oxygen v i b r a t i o n a l  bands induced 
i n  oxygen-doped germanium ( a t  618 cm-') w a s  a d e f e c t  complex 
c o n s i s t i n g  of a s i n g l e  oxygen atom p l u s  a vacancy which cor responds  
t o  t h e  comparable d e f e c t  found i n  s i l i c o n ,  namely t h e  s i l i c o n  A- 
c e n t e r .  
t i v e l y  s imple  oxygen d e f e c t  complex) t h e n  it shou ld  appea r  a t  
I f  t h e  618 cm-' band i n  germanium w a s  an  A-center  ( r e l a -  
lower i r r a d i a t i o n  t empera tu re ,  s i n c e  t h e  d e f e c t  i s  formed most 
e a s i l y  by a pr imary vacancy c a p t u r i n g  an  oxygen atom. I n  o r d e r  
~ ~ ~~ ~ ~ ~ 
~ ~~~ 
t o  check t h i s  p o i n t  w e  dec ided  t o  perform a "cold  tempera ture"  
i r r a d i a t i o n  (125OK). 
Exper imenta l  Procedure  
The sample w a s  c u t  from t h e  s a m e  oxygen-doped s i n g l e  c rys ta l  
* 
germanium i n g o t  used i n  t h e  room tempera tu re  i r r a d i a t i o n s .  The 
* 
Purchased  from Semi-Elements I n c . ,  Saxonburg, Pennsylvania .  
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two f a c e s  co r re spond ing  t o  a (111) p l a n e ,  measuring 7mm x 18m, 
were ground, p o l i s h e d ,  and e tched .  A comple te  d e s c r i p t i o n  o f  
t h e  p r e - i r r a d i a t i o n  sample i s  p r e s e n t e d  below. 
N- type  germanium 
Oxygen doped - 1 . 2  x O/cm 3 
Dimensions - 7mm x 7m x 18mm 
R e s i s t i v i t y  - 1.0 ohm-cm 
Carrier Concen t r a t ion  - 4.8 x 
The sample w a s  i r r a d i a t e d  a t  48 Mev t o  a t o t a l  i n t e g r a t e d  
e/cm3 a t  300°K 
f l u x  2 of  3 x e / c m  . I n  o rde r  t o  o b t a i n  t h i s  dose i t  w a s  
n e c e s s a r y  t o  se t  t h e  beam c u r r e n t  a t  3 yamp/cmL f o r  approx ima te ly  
8 hours .  
d i r e c t i o n . )  The tempera ture  of t h e  sample d u r i n g  i r r a d i a t i o n  neve r  
exceeded 127'K. The vacuum around t h e  sample w a s  less t h a n  1 
micron e x c e p t  d u r i n g  i r r a d i a t i o n ,  when i t  reached  a couple  of  
microns .  Note,  t h i s  d i f f e r e n c e  i n  vacuum may o r  may n o t  be s i g -  
n i f i c a n t  s i n c e  a thermocouple gage w a s  used t o  moni tor  p r e s s u r e  
d u r i n g  i r r a d i a t i o n .  
(The e l e c t r o n s  w e r e  i n c i d e n t  on t h e  sample i n  a (111) 
To keep t h e  tempera ture  of t h e  sample as low as p o s s i b l e  
d u r i n g  t h e  i r r a d i a t i o n  it was necessa ry  t o  d e s i g n  and b u i l d  a new 
c r y o s t a t .  The f o u r  window bottom of  t h e  c r y o s t a t  cou ld  be r o t a t e d  
e n a b l i n g  t h e  i n f r a r e d  beam t o  be i nc i , den t  on t h e  sample th rough  
N a C l  windows p e r p e n d i c u l a r  t o  t h e  (111) p l a n e .  
windows, a l t h o u g h  n o t  d i r e c t l y  i n  t h e  beam, were opaque t o  
v i s i b l e  l i g h t  a f t e r  i r r a d i a t i o n .  However i n  t h e  r e g i o n  from 2 
t o  16 mic rons ,  t h e  t r ansmiss ion  o f  t h e  windows w a s  h i g h  and f l a t .  
I n  a s e p a r a t e  experiment  t h e  r a d i a t i o n  damage e f f e c t s  i n  N a C l  were 
s t u d i e d  and i t  w a s  found t h a t  no r a d i a t i o n - i n d u c e d  d e f e c t  bands 
~~~~ 
---------
The sodium c h l o r i d e  
I .  
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were produced 
thermocouples 
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i n  t h e  2 t o  16 micron range .  Copper-constantan 
mounted a t  t h e  top and bottom of  t h e  sample i n d i c a t e d  
t h a t  t h e  tempera ture  v a r i a t i o n  i n  t h e  sample d u r i n g  t h e  i r r a d i a t i o n  
w a s  less t h a n  3 O C .  
chemical  r e a c t i o n  involved  i n  producing an  accumula t ion  o f  ozone 
i n s i d e  t h e  l i q u i d  n i t r o g e n  c r y o s t a t ,  t h e  c o o l a n t  used  d u r i n g  t h e  
i r r a d i a t i o n  w a s  l i q u i d  argon (BP 88'K). 
l i q u i d  argon w a s  r ep laced  by l i q u i d  n i t r o g e n .  
Because of t h e  p o s s i b l e  danger  o f  a v i o l e n t  
A f t e r  i r r a d i a t i o n  t h e  
The r a d i o a c t i v i t y  level of t h e  c r y o s t a t  a f t e r  i r r a d i a t i o n  
w a s  approximate ly  1 R p e r  hour and two days passed  b e f o r e  
a n n e a l i n g  w a s  a t t e m p t e a .  Spectrum measurements were t aken  on 
P e r k i n  E l m e r  Model 421  d u a l  beam g r a t i n g  i n f r a r e d  spec t romete r  
l o c a t e d  i n  t h e  Materials Research Bu i ld ing .  A s p e c i a l  r i n g s t a n d  
w a s  b u i l t  f o r  ho ld ing  the c r y o s t a t  r i g i d l y  o n  t h e  s p e c t r o m e t e r .  
The same spec t romete r  s e t .  i n g s  were u s e d  t o  t a k e  s p e c t r a  and t h e  
t i m e  r e q u i r e d  t o  t a k e  a corrplete scan w a s  around one hour .  The 
i s o c h r o n a l  a n n e a l s  were of  20 n i n u t e  c iL i r a+  i u n  s e p a r a t e d  by roughly  
20 deg ree  tempera ture  i n t e r v a l s / .  A l l  spectrum measurements were 
made a t  l i q u i d  n i t r o g e n  temperature  ( 7 8 O K ) .  
-we- a m ° K r t i c c s a m T 1 r w a s  warmectinsicte ~lne ~
c r y o s t a t .  To f a c i l i t a t e  warming, t h e  l i q u i d  n i t r o g e n  above t h e  
sample w a s  removed by i n s e r t i n g  a p lunge r  w i t h  a ground g l a s s  
t a p e r e d  j o i n t  a t  t h e  end.  
u s i n g  a 0-llOV AC power supp ly  and obse rv ing  t h e  thermocouple 
v o l t a g e s  on a Leeds and Northrup type  H AZAR r e c o r d e r .  
thermocouple v o l t a g e s  were measured w i t h  a p r e c i s i o n  p o t e n t i o m e t e r .  
A f t e r  t h e  323'K annea l  t h e  s a m p l e  w a s  removed from t h e  c r y o s t a t  
The tempera ture  w a s  c o n t r o l l e d  manually 
The exact 
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and annea led  i n  a n  oven con ta in ing  a f l a s k  of  s i l i c o n e  o i l .  A f t e r  
each  of  t h e s e  a n n e a l s ,  
c o l d  c e l l  ( s m a l l e r  l i q u i d  n i t r o g e n  c r y o s t a t ) ,  which w a s  t h e n  
evacuated  t o  l o m 5  mm Hg. 
were c o n t r o l l e d  w i t h  an accuracy o f  & l 0 C .  
t h e  sample  w a s  p o l i s h e d  and p l a c e d  i n  a 
The tempera tures  of  a l l  t h e  a n n e a l s  
A convenient  way of d i s p l a y i n g  t h e  growth and decay modes o f  
bands i s  t o  p l o t  t h e  area of  t h e  a b s o r p t i o n  band ( a p p r o p r i a t e l y  
normalized)  v e r s u s  f requency.  The areas were t aken  from t h e  s p e c t r a  
u s i n g  a p o l a r  p l a n i m e t e r ;  and we make t h e  r easonab le  assumpt ion  
t h a t  t h e  area under t h e  abso rp t ion  peak is  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  d e f e c t  c o n c e n t r a t i o n  s i n c e  t h e  i n f r a r e d  s p e c t r o m e t e r  
s e t t i n g s  w e r e  kep t  c o n s t a n t  dur ing  t h e  e n t i r e  a n n e a l i n g  exper iment .  
R e s u l t s  , Discuss ion  and Conclusions 
Af te r  t h e  376OK a n n e a l  a room tempera ture  spectrum w a s  t a k e n  
from 1 t o  14 on a Perkin-Elmer Model- 2 1  p r i sm d u a l  beam i n f r a r e d  
s p e c t r o m e t e r .  The r e s u l t i n g  speccrum w a s  found t o  be s i m i l a r  t o  
t h a t  observed i n  p-type  germanium. The  conve r s ion  from n- type  t o  
p- type  i n  h e a v i l y  i r r a d i a t e d  germanium i s  expec ted .  The conve r s ion  
r e s u l t s  from f r e e  e l e c t r o n s  being t r apped  on d e f e c t s  induced by 
r 
. .  + h e r i r r a & t a t  m * - - - - - p - p p  - - - - ~ -  
A s t r i k i n g  and unexpected f e a t u r e  of  t h e  a n n e a l i n g  exper iments  
i s  t h e  large changes i n  t h e  backgroun'd t r a n s m i s s i o n .  
a b s o r p t i o n  band c e n t e r e d  about  t h e  860 cm-' oxygen i n t e r s t i t i a l  
band appeared  a f t e r  t h e  154'K anneal  and d i sappea red  a f t e r  t h e  
193'K a n n e a l  and is  shown i n  Fig. 14.  
A v e r y  w i d e  
The wide a b s o r p t i o n  c o u l d  
be some broadening e f f e c t  of t h e  860 c m - I  band. A similar b u t  
more widespread  a b s o r p t i o n  occurred  a f t e r  t h e  223'K a n n e a l  and 
23.  
l a s t e d  u n t i l  t h e  304'K annea l  (see F i g .  1 5 ) .  Th i s  a b s o r p t i o n  
r e s u l t e d  i n  no t r a n s m i s s i o n  below 650-700 ern-' and consequen t ly  
no band d a t a  i n  t h i s  temperature  r e g i o n  c o u l d  be t aken .  It  i s  
p o s s i b l e  t h a t  vapors  condensed on t h e  sample o r  a l t e r n a t i v e l y  by 
some mechanism e l e c t r o n s  w e r e  f r eed  and l a t e r  r e c a p t u r e d .  The 
same type  of  
w i t h  h e a v i l y  
by Gerasimov 
c o n d u c t i v i t y  
aga in .  They 
e f f e c t  w a s  seen  i n  e l e c t r i c a l  measurements performed 
i r r a d i a t e d  n- type  germanium and w a s  r e c e n t l y  r e p o r t e d  
and Konovalenko(2). They found r e g i o n s  where t h e  
f i r s t  f e l l ,  t hen  rose s h a r p l y ,  and f i n a l l y  f e l l  
d i d  n o t  supp ly  adequate  d a t a  however t o  i n d i c a t e  how 
good a c o r r e l a t i o n  t h e r e  w a s .  S i m i l a r  e f f e c t s  w e r e  n o t  observed 
i n  t h e  e l e c t r i c a l  measurements undertaken a t  t h e  L i n e a r  A c c e l e r a t o r  
Lab w i t h  t h e  s a m e  oxygen-doped germanium as used h e r e .  This  i s  
due t o  t h e  r e l a t i v e l y  lower f l u x  of  e l e c t r o n s  used i n  t h e  e l e c t r i c a l  
p r o p e r t y  s t u d i e s .  The sample was no t  conve r t ed  t o  p- type .  
The on ly  band p r e s e n t  i n  u n i r r a d i a t e d  oxygen doped germanium 
T h i s  i s  cd i i s ed  b y  i n t e r s t i t i a l  i s  t h e  conspicuous (369 an-' b a n d .  
oxygen atoms and is  no t  p r e s e n t  i n  oxygen f r e e  germanium. 
I r r a d i a t i o n  has  been seen  ( I y 3 )  to reduce t h e  i n t e n s i t y  o f  t h i s  
b a n d ,  which i n d i c a t e s  a decrease  i n  the c o n c e n t r a t i o n  o f  i n t e r s t i t i a l  
oxygen atoms. This  e f f e c t  w a s  a l s o  observed h e r e .  I r r a d i a t i o n  
o f  oxygen-doped germanium produces many oxygen-assoc ia ted  v i b r a t i o n  
bands (10-16 micron r e g i o n ) ,  none of which are p r e s e n t  i n  i r r a d i a t e d  
oxygen-free germanium. 
- - - - - -ppp-p  
The p re -annea l  spectrum had a b s o r p t i o n  bands a t  1380, 715, 
673, and 618 em-'. 
h a s  p r e v i o u s l y  been d e t e c t e d  i n  room tempera ture  i r r a d i a t i o n s  of 
The 618 band, which a n n e a l s  o u t  a t  1 5 O o C ,  
I .  
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oxygen-doped germanium(1':. Paramagnetic resonance  and i n f r a r e d  
a b s o r p t i o n  experimentb o n  i r r a d i a t e d  oxygen-doped s i l i c o n  have 
d i r e c t l y  proved t h a t  a "sinilar" band i n  s i l i c o n  r e s u l t s  from a 
s i l i c o n  A-center  (meaning a s u b s t i t u t i o n a l  atom-oxygen vacancy 
complex)(4) .  By "similar" i t  i s  meant t h a t  b o t h  bands have 1) t h e  
same decay modes, 2 )  t hey  have the  same f requency  r a t i o s  between 
them and t h e  cor responding  i n t e r s t i t i a l  bands and 3 )  similar  a n n e a l i n g  
p r o p e r t i e s .  From t h i s  i t  i s  concluded t h a t  t h e  d e f e c t  r e s p o n s i b l e  
f o r  t h e  618 cm-' band cou ld  be the  germanium A-center .  
because it appea r s  a f t e r  100- 120°K a n n e a l  ( lOoK i r r a d i a t i o n )  
w e  have f u r t h e r  e-Jidence t h a t  the 618 band i s  n o t  a pr imary  d e f e c t  
band. I n  a d d i t i o i ,  tiie r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  t h e  vacancy 
moves a t  ~69-8C)"K and then  captures a n  oxygen atom t o  form t h e  
A-center  s i m i l a r  t o  t he  case of s i l i c o n .  The v e r i f i c a t i o n  t h a t  
Also ,  
(5)  , 
t h e  618 ern-' band i s  t!ic.  G e  A-center has  been sugges t ed  i n  some 
r e c e n t  s p i n  resonance ~mrk b y  Raldwin . 
-1  
(6 )  
A f t e r  t h e  f i r s t  aiinc i i ,  the 715 cn :>and i s  n e a r l y  gone and 
t h e  618 cm-' band h a s  shown cons ide rab le  growth. 
are shown i n  F i g .  16. Therefore  t h e  715 band i s  probably  a s s o c i a t e d  
w i t h  t h e  same d e f e c t  as t h e  618 c rn -k  I t a s e e r p r o p o s e d y  ~ ~ 
Whan t h a t  t h e  715 cm-'  r e su l t s  p o s s i b l y  from a d i f f e r e n t  charge  
o r  c o n f i g u r a t i o n  s t a t e  of  the A - c ~ n t e r ( ~ I .  
t empera tu re  i r r a d i a t i o n  shows t h a t  t h e  715 c m  band i n i t i a l l y  
a p p e a r s  a t  50 K . 
The r e s u l t s  
~~~~~~ 
A l i q u i d  hel ium 
-1 
0 (5)  
A s  y e t  t h e  1380 and 673 cm-' bands have n o t  been mentioned 
i n  p u b l i c a t i o n s .  These bands d i s p l a y  roughly  t h e  same decay modes 
( t h e  673 cm-' annea l s  o u t  a l i t t l e  f a s t e r ) .  T h i s  s u g g e s t s  t h a t  
t h e y  are d i f f e r e n t  v i b r a t i o n a l m o d e s  of t h e  s a m e  d e f e c t .  These 
25. 
bands,  which w e r e  n o t  observed  i n  Whan's 2 Mev l i q u i d  he l ium 
t empera tu re  i r r a d i a t i ~ n ( ~ ) ,  may be produced by a d i f f e r e n t  pr imary  
d e f e c t  and oxygen cornplex s i n c e  t h e  t empera tu re  a t  which t h e y  
a n n e a l  o u t  i s  d i f f e r e n t  from the  t e m p e r a t u r e s  a t  which t h e  618 
and 715 c m - I  bands a n n e a l  o u t .  
A f t e r  t h e  303 and 323'K a n n e a l s ,  s m a l l  bands a t  630, 711, 729, 
778, 801, and 816 cm-I appeared  f o r  t h e  f i r s t  t i m e .  A l l  o f  t h e s e  
bands e x c e p t  t h e  630 ( a  v e r y  s m a l l  one) have been s e e n  a f t e r  room 
t empera tu re  i r r a d i a t i o n s  a l though  not  a l l  were p r e s e n t  i n  
t h e  room tempera ture  i r r a d i a t e d  sample c u t  from t h e  same i n g o t .  
An i n s p e c t i o n  of F ig .  16  w i l l  r e v e a l  t h a t  J .  Becke r ' s  bands do 
n o t  p i c k  up where mine s topped .  
s l i g h t e s t  tendency t o  do so .  The sample i s  p r e s e n t l y  i n  a f r e e z e r  
and t h e  complete  a n n e a l  ( s ay ,  t o  650°K), may shed f u r t h e r  l i g h t  on 
what is  happening t o  t h e s e  bands. 
Only t h e  816 cm-'  band has  t h e  
For  a wh i l e  i t  w a s  n o t  known which of t h e s e  s m a l l  bands 
r e s u l t e d  from primary d e f e c t s .  Low t empera tu re  i r r a d i a t i o n s  have 
s e r v e d  t o  p a r t i a l l y  c l a r i f y  t h e  p i c t u r e .  Because of t h e  h i g h  
a n n e a l i n g  t empera tu re  r e q u i r e d  to  produce them, R.  Whan (395)  
c o n m e d t h a t  tTzeyao n o t r i g m e  E m i r p r l m a r y  d e m s , D u t  ~ 
from d e f e c t s  formed by mig ra t ing  v a c a n c i e s .  
An o b s e r v a t i o n  t h a t  should  be p o i n t e d  o u t  i s  t h a t  h i g h  
t e m p e r a t u r e s  t end  t o  compl ica te  t h e  i n f r a r e d  bnad s t r u c t u r e .  A t  
low t e m p e r a t u r e s  t h e r e  w e r e  3 t o  4 bands.  
(250OC) a dozen bands have been s e e n  (some of  J.  Becker's smaller 
bands w e r e  n o t  i nc luded  i n  F i g .  3 b ) .  
A t  h i g h  t empera tu res  
1 .  26. 
Many answers w i l l  be  ob ta ined  through more r e f i n e d  expe r imen t s .  
L iqu id  hel ium t empera tu re  i r r a d i a t i o n s  are c a l l e d  f o r .  A d d i t i o n a l  
d e t a i l  can  be found by observ ing  t h e  a n i s o t r o p i c  n a t u r e  o f  d e f e c t s  
u s ing  p o l a r i z e d  i n f r a r e d  and stress t e c h n i q u e s ,  and i t  i s  p o s s i b l e  
w e  may per form such  experiments  w i t h i n  t h e  n e x t  y e a r .  
27. 
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I V .  L i f e t i m e  and Trapping i n  
6-50 Mev E l e c t r o n  - I r r a d i a t e d  Germanium 
John E .  F i s c h e r  
I n t r o d u c t i o n  
The t i m e  decay of excess  c a r r i e r s  i n  semiconductors  i s  a 
s e n s i t i v e  probe of l a t t i c e  imper fec t ions .  Defec t s  i n t r o d u c e d  by 
high-energy r a d i a t i o n  f a l l  i n t o  two main classes: recombina t ion  
c e n t e r s  and t r a p p i n g  c e n t e r s .  
S e v e r a l  workers have used t h i s  t y p e  of  measurement t o  assess 
r a d i a t i o n  damage. I n  p a r t i c u l a r ,  C u r t i s  and Crawford found 
s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  d e f e c t  l eve l  s t r u c t u r e  and recovery  
behav io r  of a r s e n i c -  and antimony-doped germanium i r r a d i a t e d  n e a r  
room tempera ture  w i t h  coba l t -60  gamma r a y s .  Namely, t h e y  o b t a i n e d  
d i f f e r e n t  p o s i t i o n s  i n  t h e  gap f o r  t he  dominant r a d i a t i o n - i n d u c e d  
recombina t ion  leve ls .  They c i t e d  t h e  r e s p e c t i v e  atom s i z e s  as a 
p o s s i b l e  cause  of t h e  d i s s i m i l a r  behavior :  a r s e n i c  and germanium 
are s i m i l a r  i n  s i z e  ( 1 . 2 1  and 1 .22  angstroms,  r e s p e c t i v e l y ) ,  
whereas  antimony is s u b s t a n t i a l l y  l a r g e r  (1 .41  angs t roms) ;  t h e  
p o s i t i v e  l a t t i c e  s t r a i n  sur rounding  t h e  Sb atom may be expec ted  
t o  i n f l u e n c e  t h e  s t a b l e  d e f e c t  c o n f i g u r a t i o n  and a n n e a l i n g  behav io r .  
~_______  ~_______ ______~  ~~ 
W e  f e l t  t h a t  i t  would be i n t e r e s t i n g  t o  pursue  t h i s  problem 
f u r t h e r ,  by going  t o  low-temperature i r r a d i a t i o n s  and a l s o  by 
a t t e m p t i n g  t o  c o r r e l a t e  t h e  temporary t r a p p i n g  levels w i t h  t h e  
d e f e c t  a c c e p t o r  levels which a r e  a l s o  produced by r a d i a t i o n  (6-50 
Mev e l e c t r o n s ) .  
t h e  p a s t  several y e a r s .  
This  phase o f  ou r  program has been underway f o r  
I .  29.  
Exper imen ta  1 
F igure  1 7  shows a v e r y  schematic  diagram o f  t h e  expe r imen ta l  
The samples are cooled t o  85'K by hel ium exchange gas  a p p a r a t u s .  
i n  c o n t a c t  w i t h  a tube  f i l l e d  with l i q u i d  n i t r o g e n .  The main body 
of t h e  c r y o s t a t  i s  a s t a n d a r d  5 l i t e r  n i t r o g e n  dewar. 
sample i s  used t o  monitor  DC c o n d u c t i v i t y  and Ha1.1 c o e f f i c i e n t  
v o l t a g e ,  u s ing  a 950 gauss  permanent magnet. The r e c t a n g u l a r  
sample i s  used f o r  t r a p p i n g  and recombina t ion  s t u d i e s .  The two 
samples are c u t  from a d j a c e n t  p o r t i o n s  of  t h e  same i n g o t .  
e l e c t r o n  i r r a d i a t i o n s  a r e  performed a t  t h e  RPI microwave L inac ,  
w i t h  t h e  e l e c t r o n  beam f i rs t  t r a v e r s i n g  t h e  t h i n n e r  b r i d g e  sample.  
The c r y o s t a t  i s  removed from the  t a r g e t  room t o  a n  a d j a c e n t  l a b o r a t o r y  
The b r i d g e  
The 
f o r  t h e  l e n g t h y  a n n e a l i n g  r u n s .  
Excess car r ie rs  are in t roduced  by 50 nanosecond b u r s t s  of 
150 KVP x - r ays  from a F i e l d  Emission Corpora t ion  Model 845 f l a s h  
x - r ay  machine. The use of t h i s  d e v i c e  f o r  per forming  l i f e t i m e  
measurements w a s  sugges t ed  t o  us by D r .  0. L.  C u r t i s " .  
are warmed t o  s u c c e s s i v e l y  higher  tempera tures  i n  5-10 degree  
s t e p s  f o r  15 minutes  a t  each tempera ture .  A l l  measurements are  
made a t  85'K u n l e s s  o the rwise  noted.  
-1- 
The samples 
~~~ ~~ 
We are d e a l i n g  w i t h  minor i ty  car r ie r  t r a p s  i n  n- type material, 
s o  i f  t h e  excess h o l e  d e n i s t y  produced by t h e  x - r a y  b u r s t  i s  
l a r g e  compared t o  the t r a p  d e n s i t y ,  a l l  t h e  t r a p s  w i l l  be  i n i t i a l l y  
f i l l e d  and t h e  ampl i tude  of t h e  t r a p p i n g  p o r t i o n  of t h e  decay cu rve  
i s  a d i r e c t  measure of t h e  t r a p  d e n s i t y ,  independent  o f  ene rgy  
p o s i t i o n  i n  t h e  gap and minor i ty  carrier c a p t u r e  c r o s s - s e c t i o n .  
Furthermore , Baicker(') has  so lved  t h e  n o n l i n e a r  e q u a t i o n s  t h a t  
* 
Northrup N o r t r o n i c s ,  Newbury Park,  C a l i f o r n i a .  
I .  
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govern t h e  decay under cond i t ions  of large i n j e c t i o n ,  and  the 
s o l u t i o n s  are such  t h a t  one c a n  o b t a i n  t h e  t r a p  d e n s i t y  and 
energy  from t.he shape of a s i n g l e  decay cu rve  t a k e n  a t  one t empera tu re .  
Recovery o f  Z i n  P- type G e  I r r a d i a t e d  a t  85'K 
Before d i s c u s s i n g  n- t y p e  germanium, w e  would l i k e  t o  p r e s e n t  
r e s u l t s  on a 4 0  - c m  p- type  In-doped specimen. 
i r r a d i a t e d  by 48 Mev e l e c t r o n s  a t  85OK t o  a i n t e g r a t e d  f l u x  of  
Th i s  sample w a s  
1 . 3  x e / c m 2  i n  an  a t t e m p t  t o  e s t a b l i s h  t h e  e x i s t e n c e  o r  absence  
of t r a p p i n g  l e v e l s .  No t r a p s  were observed upon i r r a d i a t i o n .  The 
l i f e t i m e  w a s  reduced t o  less than 100 n s  s o  t h a t  i t  c o u l d  n o t  be 
r e s o l v e d ,  due t o  t h e  50 n s  x-ray pul.se. The i s o c h r o n a l  a n n e a l i n g  
of t h e  l i f e t i n e  i s  p l o t t e d  i n  Fig.  18,  a l o n g  w i t h  t h a t  of  a n  
i d e n t i c a l  sample i r r a d i a t e d  t o  1 x 10 
15 March 1964 - 15 September 1964) .  The p r e - a n n e a l  v a l u e  o f  
f o r  SMIn 4.0-2 i s  o b t a i n e d  by a l i n e a r  e x t r a p o l a t i o n  of  C-' vs 
f l u x .  Note t h a t  t h e  annea l ing  f o r  t h e  2 samples i s  i d e n t i c a l  
( a f t e r  T of SMIn 4 .0 -2  has recovered enough t o  be measurab le ) ,  
1 2  e / c m 2  ( s e e  P r o g r e s s  Report  
i n d i c a t i n g  t h a t  t h e  a n n e a l i n g  r a t e  i s  independent  of  d e f e c t  con- 
c e n t r a t i o n ,  i . e . ,  f i r s t  o r d e r  k i n e t i c s .  On t h e  o t h e r  hand, t h e  
complex shape  of  t h e  a n n e a l i ~ c u K ( e s p e c i a ~  t m r o a d r a w  
o f  a n n e a l i n g  tempera ture)  would i n d i c a t e  a h i g h e r  o r d e r  r e a c t i o n  
p r o c e s s .  W e  w i l l  n o t  specu la t e  on t h e  causes  o f  t h i s  a p p a r e n t  
~ ~ _ _ _ _  ____ ~~ 
c o n t r a d i c t i o n  a t  t h i s  t i m e .  
85OK I r r a d i a t i o n  o f  N-Type G e  
W e  t u r n  now t o  t h e  s t u d y  of t r a p s  i n  n- type  material. The 
l a r g e - i n j e c t i o n  method used here has  t h e  advantage  t h a t  t h e  number 
o f  t r a p s  i s  uniquely  determined by t h e  s i g n a l v o l t a g e  a t  t h e  
I .  31.  
t r a p p i n g  p l a t e a u ,  i n  c o n t r a s t  t o  t h e  l o w - i n j e c t i o n  method(3) , i n  
which t h e  t r a p  d e n s i t y  cannot  be de te rmined  w i t h o u t  p r i o r  knowledge 
of  t h e  t r a p p i n g  c r o s s - s e c t i o n .  Some t y p i c a l  d a t a  o b t a i n e d  by t h i s  
l a r g e  i n j e c t i o n  method are shown i n  F i g .  19 .  I n  t h i s  example, w e  
are look ing  a t  t h e  t i m e  decay of excess  c a r r i e r s  i n  20 0 - c m  
a rsen ic-doped  germanium i r r a d i a t e d  a t  85'K a f t e r  a n n e a l i n g  f o r  
15 minutes  a t  t h e  tempera tures  shown i n  F ig .  19 .  A s  mentioned 
b e f o r e ,  t h e  measurements are made a t  85 K. Each cu rve  i n  F ig .  19 
i s  a composi te  of  several photographs t aken  a t  ove r l app ing  
o s c i l l o s c o p e  sweep speeds .  Each photograph r e p r e s e n t s  t h e  
r e sponse  o f  t h e  sample t o  a s i n g l e  x - r ay  p u l s e .  The i n t e n s i t y  of  
t h e  p u l s e s  are r e p r o d u c i b l e  enough so t h a t  n o r m a l i z a t i o n  among t h e  
several sweeps making up one complete decay curve  i s  a minor 
problem. 
0 
The i n i t i a l  decay,  on t h e  o r d e r  of microseconds,  i s  a 
recombina t ion  p rocess  which e l i m i n a t e s  t h e  h o l e s  t h a t  w e r e  n o t  
t r a p p e d .  The s lower  s t a g e  r e p r e s e n t s  t rapped  h o l e s  f i n a l l y  b o i l i n g  
o u t  and  recombining w i t h  e l e c t r o n s .  
F i g u r e s  20 and 21  show t h e  i s o c h r o n a l  r ecove ry  of  h o l e  
t r a p p i n g  levels -an& d e f e c t  a c c e p t o r  l e v e t s  i n - 2 0  oh m-cm As- arid 
Sb-doped germanium i r r a d i a t e d  a t  85'K with 
47 MeV. Trapping levels a r e  in t roduced  a t  roughly  t h e  s a m e  ra te  
w i t h  b o t h  dopan t s ,  and t h e  t r a p  d e n s i t y  i s  abou t  t h e  same as t h e  
d e n s i t y  of  d e f e c t  a c c e p t o r s  f o r  bo th  dopan t s .  These f a c t s ,  p l u s  
t h e  g r o s s  s i m i l a r i t y  i n  annea l ing  behavior  of  t h e  two types  of 
d e f e c t  levels ,  sugges t  t h a t  t h e  same d e f e c t  i s  r e s p o n s i b l e  f o r  
bo th  p r o p e r t y  changes.  It  i s  reasonable  t o  ascribe bo th  p r o p e r t y  
1 .5  x e / c m 2  of  
I '  32.  
I changes t o  t h e  same d e f e c t ,  s i n c e  i n  t h e  t empera tu re  r ange  i n  which 
w e  observe  t r a p p i n g ,  e l e c t r o n s  a r e  f r o z e n  o n t o  t h e  d e f e c t  a c c e p t o r s ,  
s o  t h a t  t h e  ensemble may be  more a t t r ac t ive  t o  h o l e s  t h a n  t o  
f u r t h e r  e l e c t r o n  c a p t u r e .  
I 
I 
The recovery  o f  bo th  p r o p e r t y  changes f o r  b o t h  dopants  can  
be d e s c r i b e d  as o c c u r r i n g  i n  two main t empera tu re  r e g i o n s .  The 
f r a c t i o n a l  recovery  of c a r r i e r  c o n c e n t r a t i o n  i n  t h e  r e g i o n  below 
I i 
! 
room tempera tu re ,  i n  which an  accep to r  level  deepe r  t h a n  0.20 ev 
from t h e  conduct ion  band d i s a p p e a r s ,  has  been found by Wikner ( 4 )  
I t o  d e c r e a s e  w i t h  i n c r e a s i n g  bombarding energy i n  t h e  range  10-35 
MeV, whereas Brown (5) e t  a1 observe no a n n e a l i n g  i n  t h i s  r e g i o n  
u s i n g  0 .7  Mev e l e c t r o n s .  I n  the h i g h e r  tempera ture  r e g i o n ,  
C o r e l l i  ( 6 )  e t  a1 f i n d  t h e  0.20 level d i s a p p e a r i n g .  
P i g g ( 7 )  have observed annea l ing  of l$ bu t  n o t  carr ier  c o n c e n t r a t i o n  
1 
i S a i t o  and 
I 
I below room tempera ture  i n  n- type samples i r r a d i a t e d  w i t h  CO-60 
I photons , whereas i n  Wikner 's  and  o u r  exper iments  , M and 6 r e c o v e r  
, t o g e t h e r  i n  t h i s  r e g i o n .  Apparent ly  t h e  d e f e c t  r e s p o n s i b l e  f o r  
a n n e a l  of carr ier  c o n c e n t r a t i o n  i n  t h i s  tempera ture  r e g i o n  r e q u i r e s  
a r e c o i l  energy  i n  excess  of 700 kev f o r  i t s  fo rma t ion .  
I hi- r a m n e w  st a g e - k s b e e n  - h v e s t a  ' ga- 
by many workers ( 6 y 8 )  and i s  by no means we l l -unde r s tood .  
c e r t a i n ,  however, t h a t  d e f e c t - i m p u r i t y  and d e f e c t - d e f e c t  i n t e r a c t i o n s  
shou ld  c o n t r o l  t h e  behavior  he re ,  s i n c e  t h e  motion of  s i m p l e  d e f e c t s  
o c c u r s  a t  much lower tempera tures  (70 K)"). 
behav io r  i n  t h i s  r e g i o n  i s  expected t o  be v e r y  complex, w i t h  perhaps  
several r e a c t i o n s  o c c u r r i n g  s imul t aneous ly ,  which cannot  be 
It  seems 
I 
0 Thus t h e  a n n e a l i n g  
r e s o l v e d  u s i n g  macroscopic t echn iques .  
~~ - 
33 .  
Another exper iment  of t h i s  t y p e  w a s  performed on 9 a c m  Sb- 
doped germanium. F i g u r e  22 demonst ra tes  t h e  l i n e a r i t y  of  t r a p  
i n t r o d u c t i o n  and c a r r i e r  removal ( m o b i l i t y  changes are less  t h a n  
10%). A t  t h i s  p o i n t ,  a word on t r a p s  i n  u n i r r a d i a t e d  mater ia l  i s  
i n  o r d e r .  I n  most i n g o t s ,  t r a p  d e n s i t i e s  of  t h e  o r d e r  of  10 
cm-3 ex i s t ;  t h i s  can  be reduced by an  o r d e r  of  magnitude by h e a t i n g  
i n  a i r  t o  3OO0C f o r  5 minutes .  
3 0  c m  As-doped),  t h e  t r a p  d e n s i t y  exceeds  t h e  excess h o l e  d e n s i t y  
10 
However, i n  some cases ( n o t a b l y  
cmw3) and i s  not. reduced by h e a t i n g .  Shulman (lo) has  
demonst ra ted  t h a t  copper  i n t r o d u c e s  h o l e  t r a p s  i n  germanium, s o  
t h e  o f f e n d i n g  i n g o t s  may c o n t a i n  l a r g e  c o n c e n t r a t i o n s  of copper  
i m p u r i t i e s .  
Th i s  sample (SM Sb 9 .0 -1 )  was s t u d i e d  i n  more d e t a i l  t h a n  t h e  
o t h e r s .  Both t h e  s e n s i t i v i t y  and low-frequency r e sponse  o f  t h e  
measuring sys tem w a s  improved i n  o r d e r  t o  s t u d y  s m a l l  d e n s i t i e s  of  
l ong  l i v e d  t r a p s .  The decay of e x c e s s  c a r r i e r s  a f t e r  i r r a d i a t i o n  
i s  shown i n  F i g .  23. The l i f e t i m e  i s  t o o  s h o r t  t o  be r e s o l v e d .  
Note t h e  e x i s t e n c e  of  t h e  l o n g - l i v e d  t r a p  which a c c o u n t s  f o r  a b o u t  
9% of  t h e  t r a p p e d  h o l e s .  I n  a d d i t i o n ,  t h e r e  i s  a "permanent" t r a p  
( the trap@ c s r r i c r s  do not ~ e C o m b i ~ ~ " " 1 P c c + h P q a ~  is h e a + P r l  
above 85'K) which accoun t s  f o r  less t h a n  1% of  t h e  t r a p p e d  h o l e s .  
It w a s  hoped t ha t  t h e  t r a p  e n e r g i e s  c o u l d  be de termined  by 
i l l u m i n a t i n g  w i t h  f i l t e r e d  i n f r a r e d  l i g h t ;  b o t h  bandpass  i n t e r f e r e n c e  
f i l t e r s  and long  wave p a s s  f i l t e r s  made from some 111-V semiconductor  
compounds were used.  The wavelengths of  t h e  former d i d  n o t  c o r r e -  
spond t o  any o f  t h e  t r a p  e n e r g i e s ,  and t h e  r e s o l u t i o n  of t h e  
l a t t e r  d i d  n o t  p e r m i t  t h i s  d e t e r m i n a t i o n  t o  be made. An a t t e m p t  
~ 
34.  
w a s  made t o  f i l l  a l l  of t h e  long- l ived  and "permanent" t r a p s  w i t h  
w h i t e  l i g h t  i n  o r d e r  t o  s t u d y  t h e  dominant level ,  b u t  t h i s  a lso 
w a s  n o t  p o s s i b l e ,  as shown. 
F igu re  24 shows t h e  i s o c h r o n a l  a n n e a l i n g  of  ( a l l )  t r a p s  and 
a c c e p t o r s .  Here a g a i n ,  t h e  gross s i m i l a r i t y  i n  i n t r o d u c t i o n  rates 
and a n n e a l i n g  behavior  s t r o n g l y  s u g g e s t s  tha t  t h e  same d e f e c t  i s  
r e s p o n s i b l e  f o r  bo th  e f f e c t s .  
F igu re  25 p r e s e n t s  t h e  annea l  of  t h e  l o n g - l i v e d  t r a p s  ( > 1  sec).  
The broad  annea l  from 100°K t o  300°K cor responds  w e l l  t o  t h e  two 
cu rves  i n  F i g .  24.  The growth of l o n g - l i v e d  t r a p s  c e n t e r e d  a t  
480°K cor responds  t o  t h e  high-  temperature  
and a c c e p t o r s .  
p l o t t e d  i n  F ig .  26,  where we have a g a i n  de te rmined  a p re -annea l  
v a l u e  o f  Z from a l i n e a r  e x t r a p o l a t i o n  of T- v s .  f l u x .  We 
conclude  from t h i s  p l o t  t h a t  the dominant recombina t ion  c e n t e r  a t  
85'K i s  n o t  r e l a t e d  t o  t h e  t r a p p i n g  l e v e l s  o r  t h e  d e f e c t  a c c e p t o r s .  
decay of ( a l l )  t r a p s  
F i n a l l y ,  t h e  recovery of  t h e  l i f e t i m e  a t  85'K i s  
1 
F u r t h e r  ev idence  f o r  t h e  correspondence between t h e  t r a p p i n g  
levels and d e f e c t  a c c e p t o r s  i s  ob ta ined  by comparing F ig .  23 w i t h  
t h e  tempera ture  dependence of  t h e  H a l l  c o e f f i c i e n t .  The dominant 
~~ t r a p  ( f i r s t c a y  s tag e i n  F i g ?  2'3) i s  f a i r l y  W e l l - r P s P n t P d  by ~~ 
B a i c k e r ' s ( 2 )  c a l c u l a t i o n ;  i t  l i e s  roughly  .16 ev above t h e  v a l e n c e  
band. This  t r a p  energy  remains t h e  s a m e  th roughout  t h e  anneali'ng 
p r o c e s s .  The l o n g - l i v e d  t r a p  (second decay s t a g e )  i s  n o t  w e l l -  
r e p r e s e n t e d  by Baicker's model, p robab ly  because t h e  assumption of  
q u a s i -  t he rma l  e q u i l i b r i u m  i s  v i o l a t e d  ( t h i s  assumption i s  t a n t a -  
mount t o  r e q u i r i n g  many round t r i p s  t o  occur  between t h e  t r a p  and 
t h e  v a l e n c e  band b e f o r e  recombinat ion o c c u r s ) ,  b u t  t h i s  t r a p  i s  
I .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
3 5 .  
a lmos t  c e r t a i n l y  h i g h e r  i n  the gap t h a n  .16 e v ,  such  t h a t  t h e  s m a l l  
p r o b a b i l i t y  f o r  thermal  r e l e a s e  o f  a t r a p p e d  h o l e  l e a d s  t o  a long  
l i f e t i m e .  We conc lude ,  t h e n ,  t h a t  a b o u t  90% of  t h e  t r a p s  are  .16  e v  
above t h e  v a l e n c e  band, the remaining 10% b e i n g  c o n s i d e r a b l y  h i g h e r  
i n  t h e  gap. The H a l l  c o e f f i c i e n t  i s  observed  t o  be independent  of  
t empera tu re  above 1000/T = 5.5 ,  from which w e  can  estimate t h a t  
a b o u t  86% of  t h e  t o t a l  c a r r i e r  removal i s  accounted  f o r  by a n  
un reso lved  a c c e p t o r  l e v e l  more than  0 . 4  ev  below t h e  conduc t ion  
band, whereas o n l y  14% of t he  c a r r i e r s  are t r a p p e d  by t h e  w e l l -  
known l e v e l  .20 ev  below t h e  conduct ion band. These r e s u l t s  are 
summarized i n  F i g .  2 7 .  A s  i n  the c a s e  of  t h e  p r e v i o u s l y  d i s c u s s e d  
samples ,  t h e  t o t a l  c a r r i e r  removal ra te  i s  roughly  e q u a l  t o  t h e  
t o t a l  t r a p  i n t r o d u c t i o n  ra te .  These r e s u l t s  s t r o n g l y  s u g g e s t  
t h a t  t h e  deep a c c e p t o r  l i e s  0.16 e v  above t h e  v a l e n c e  band. 
From t h e  t empera tu re  dependence of  t h e  H a l l  c o e f f i c i e n t ,  w e  
o b s e r v e  t h e  .20 l e v e l  annea l ing  between 220°K and 430°K, which 
a c c o u n t s  f o r  1 7 %  of  t h e  c a r r i e r  r ecove ry  i n  F i g .  2 4 ,  whereas t h e  
deep a c c e p t o r  a n n e a l s  i n  t h e  2 major s t a g e s  shown. Most of  t h e  
t r a p  a n n e a l i n g  i s  accounted  fo r  by t h e  0 .16  e v  t r a p p i n g  levels ,  
* i c h w o u l d  cor respond to t i m r d a e e p c c q r t o r  b k - m n e k t d ~ c n ,  ~ 
t h a t  we  have f a i r l y  good evidence t h a t  t h e  h o l e  t r a p p i n g  l e v e l s  
and t h e  n e t  a c c e p t o r s  are i d e n t i c a l .  The occur rence  of  2 w e l l -  
s e p a r a t e d  a n n e a l i n g  s t a g e s  f o r  what i s  a p p a r e n t l y  one d e f e c t  i s  
n o t  known; t h e  .16 e v  t r a p  may a c t u a l l y  be s e v e r a l  c l o s e l y - s p a c e d  
levels which a n n e a l  a t  d i f f e r e n t  t empera tu res .  
W e  are p l a n n i n g  2 a d d i t i o n a l  runs  of  t h i s  t y p e ,  namely 3 f l - c m  
Sb-doped and 5 - c m  As-doped, i n  a f u r t h e r  e f f o r t  t o  de t e rmine  
36 .  
d i f f e r e n c e s  between a r s e n i c  and antimony. 
Room Temperature I r r a d i a t i o n  of N-Type G e  
W e  are c o n c u r r e n t l y  performing a series of 330 K r u n s  t o  0 
determine  t h e  energy  dependence o f  t h e  t r a p  i n t r o d u c t i o n  ra te .  I n  
ou r  p r e v i o u s  p r o g r e s s  r e p o r t ,  t h e  s u g g e s t i o n  w a s  made t h a t  t h e  
fo rma t ion  of t r a p s  i s  enhanced by h i g h e r  energy  i n  t h e  r ange  10-55 
MeV. On t h e  o t h e r  hand, t h e  ca r r i e r  removal ra te  i s  n o t  a s t r o n g  
f u n c t i o n  of  energy  i n  t h i s  range (I1), which casts doubt  on t h e  
conc lus ion  drawn i n  t h e  las t  s e c t i o n .  For  t h i s  r e a s o n ,  w e  are 
r e p e a t i n g  t h e  experiment  r a t h e r  c a r e f u l l y ,  ove r  as broad  an  energy  
range as p o s s i b l e .  
of  t h e  r o l e  of  t h e  dopant  atom i n  t r a p  format ion( ' ) ;  w e  are 
i r r a d i a t i n g  A s -  and Sb-doped samples from 1 a - c m  t o  2 0 R - c m  t o  
examine t h i s  a s p e c t  of t h e  problem. P r e l i m i n a r y  r e s u l t s  are shown 
i n  F i g .  28,  where w e  p l o t  t h e  t r a p  i n t r o d u c t i o n  r a t e  v s .  i n i t i a l  
r e s i s t i v i t y  f o r  As- and Sb-doped samples i r r a d i a t e d  a t  300°K w i t h  
6 Mev and 47 MeV e l e c t r o n s .  The 6 Mev i r r a d i a t i o n s  were c a r r i e d  
o u t  by M r .  R. G .  Schonberg of Varian A s s o c i a t e s ;  w e  s i n c e r e l y  
thank  h i m  f o r  h i s  a s s i s t a n c e .  We n o t e  f i r s t  of a l l  t h a t ,  w i t h  
t h e  e x c e p t i o n - o f  2 s t r a y  p o i n t s ,  t h e  i n c r e a s e  i n  t r a p  i n t r o d u c t i o n  
rate from 6 t o  47 Mev i s  roughly a f a c t o r  of  2 ,  i n  g e n e r a l  acco rd  
w i t h  t h e  carrier removal r e s u l t s  Fur thermore ,  t h e  t r a p  i n t r o -  
d u c t i o n  a t  b o t h  e n e r g i e s  i s  not  a d rama t i c  f u n c t i o n  of donor type  
o r  c o n c e n t r a t i o n .  The two samples  showing v e r y  l a r g e  i n t r o d u c t i o n  
rates are q u e s t i o n a b l e ;  t h e  3 fl - c m  6 Mev sample i s  from an i n g o t  
hav ing  p r e - i r r a d i a t i o n  t r a p  d e n s i t y  l a r g e r  t h a n  t h e  d e n s i t y  of 
r a d i a t i o n - i n d u c e d  t r a p s ,  and the two cannot  be s e p a r a t e d  e a s i l y .  
A d d i t i o n a l  mo t iva t ion  i s  p rov ided  by t h e  q u e s t i o n  
37.  
The 11 R - c m  47 Mev sample may have developed  a l a r g e  c o n t a c t  
r e s i s t a n c e ;  t h e  r e s i s t a n c e  a f t e r  i r r a d i a t i o n  w a s  twice tha t  
expec ted .  
We p l a n  a n o t h e r  series o f  t h i s  t y p e  a t  -85 MeV. We are  a l s o  
s t u d y i n g  t h e  p o s s i b i l i t y  o f  using b r i d g e  samples t o  e l i m i n a t e  
c o n t a c t  e f f e c t s  and a l s o  t o  i n c r e a s e  t h e  accu racy  of d e t e r m i n i n g  
t r a p  d e n s i t i e s  ( r e c a l l  t h a t  t h e  t r a p  d e n s i t y  depends upon t h e  
conduc t ion  e l e c t r o n  c o n c e n t r a t i o n ,  which canno t  be  de te rmined  
a c c u r a t e l y  from a r e c t a n g u l a r  p a r a l l e l o p i p e d  sample s h a p e ) .  
f a i r l y  c lear ,  however, t h a t  o u r  p r e v i o u s  s u g g e s t i o n  t h a t  t r a p  
fo rma t ion  i s  g r e a t l y  enhanced by h i g h  ene rgy  (which w a s  based  on 
o n l y  2 samples)  i s  n o t  borne o u t .  
It i s  
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V. E lec t r ica l  P r o p e r t i e s  of  -50 Mev E l e c t r o n - I r r a d i a t e d  Germanium 
Arne H .  K a l m a  
High Flux Experiment 
Th i s  exper iment  w a s  performed t o  f i n d  o u t  whether  h i g h  f l u x  
i r r a d i a t i o n  of germanium causes the Fermi level  t o  r e a c h  an 
u l t i m a t e  v a l u e  o r  i f  i t  con t inues  t o  drop  t o  t h e  v a l e n c e  band. 
I f  a n  u l t i m a t e  Fermi l e v e l  e x i s t s ,  i t s  p o s i t i o n  and t h e  amount o f  
f l u x  n e c e s s a r y  t o  reach i t  w a s  t o  be de te rmined .  
S e v e r a l  one ohm-cm, and t e n t h  ohm-cm, n - type  germanium, 
antimony-doped samples w e r e  i r r a d i a t e d  a t  a b o u t  5OoC w i t h  50 Mev 
e l e c t r o n s  t o  d i f f e r e n t  t o t a l  i n t e g r a t e d  f l u x e s  r a n g i n g  from 0 .9  
x 1 O I 8  e l ec t rons / cm2  t o  2 . 9  x 1OI8 e l e c t r o n s / c m 2 .  
c o n v e r t e d  t o  p- type  e a r l y  i n  the i r r a d i a t i o n  a t  i n t e g r a t e d  f l u x e s  
A l l  t h e  samples 
2 
-4 e l e c t r o n s / c m  as expected.  The i n i t i a l  and f i n a l  F e r m i  
levels are shown i n  F i g .  29 f o r  t h e  most h e a v i l y  i r r a d i a t e d  sample 
of e a c h  r e s i s t i v i t y .  The t e n  ohm-cm sample i s  from a p r e v i o u s  
exper iment  and w i l l  be  expla ined  l a t e r .  The s o l i d  c u r v e s  are t h e  
p r e i r r a d i a t i o n  v a l u e s  and t h e  dashed ones are p o s t i r r a d i a t i o n  
v a l u e s  a f t e r  i n t e g r a t e d  f l u x e s  of 2.9 x 10 18 e l e c t r o n s / c m 2  f o r  
t h e  one ohm-cm and t e n t h  ohm-cm samples and 5 . 7  x e l e c t r o n s / c m  
f o r  t h e  t e n  ohm-cm sample.  
t h e  s a m e  c o n c e n t r a t i o n  of dopant w a s  t h e  same i n  a l l  c a s e s  a f t e r  
i r r a d i a t i o n  and t h u s  o n l y  one of each  r e s i s t i v i t y  i s  i l l u s t r a t e d  
i n  F i g .  29. 
2 ~~ 
The Fermi level f o r  a l l  samples having  
The t empera tu re  6. . endence o f  c a r r i e r  c o n c e n t r a t i o n  of t h e  
samples  having  t h e  h ig i i e s t  antimony c o n c e n t r a t i o n  i s  shown i n  
F i g .  30. The u n l a b e l e d  cu rve  i s  t h e  p r e i r r a d i a t i o n  t empera tu re  
40.  
dependence. The curve  l a b e l e d  1 i s  f o r  a sample i r r a d i a t e d  t o  
0 .9  x 1 O I 8  e l e c t r o n s / c m  , 2 i s  f o r  one i r r a d i a t e d  t o  1 . 7  x 10 
e l e c t r o n s / c m  , and 3 i s  f o r  one i r r a d i a t e d  t o  2 .9  x 10 l8  e l e c t r o n s /  
c m  . The Fermi leve l  f o r  sample 3 i s  shown i n  F ig .  29. The 
material doped t o  10 - c m  e x h i b i t s  t h e  same behavior  i n  t empera tu re  
2 18 
2 
2 
dependence of  carr ier  c o n c e n t r a t i o n  and need n o t  be shown. It 
can be s e e n  from t h e  carrier c o n c e n t r a t i o n  curves  of F ig .  30 
t h a t  o n l y  t h e  samples which r ece ived  t h e  lowes t  amount of  i n t e g r a t e d  
f l u x  have n o t  reached  s a t u r a t i o n  and even t h e s e  are q u i t e  c l o s e  t o  
s a t u r a t i o n .  Comparison of  t h e  u l t i m a t e  Fermi levels of t h e  two 
samples having  d i f f e r e n t  doping c o n c e n t r a t i o n  shows t h a t  a 
d i f f e r e n t  v a l u e  w a s  reached  i n  each case ( s e e  F ig .  29 ) .  A t  room 
t empera tu re ,  t h e  Fermi l e v e l  winds up c l o s e r  t o  t h e  va l ence  band 
f o r  more h i g h l y  doped samples,  and i s  a t  Ev + 0.20 e V  f o r  t h e  
0 . 1 R - c m  samples and is  a t  Ev t 0 .23  e V  f o r  t h e  l n - c m  samples .  
This  d i f f e r e n c e  o f  0.03 e V  i s  much l a r g e r  t han  t h e  v a r i a t i o n  i n  
t h e  v a l u e  f o r  samples of t h e  snme r e s i s t i v i t y  which i s  o f  t h e  
o r d e r  o f  .005 e V .  
l e v e l s  f o r  b o t h  0 . 1  and 19 - c m  material  come c l o s e r  t o g e t h e r  a n d ,  
when e x t r a p o l a t e d  t o  OOK,  b o t h  end a t  .006 - .010 e V  below t h e  t o g  
o f  t h e  v a l e n c e  band. The Fermi level  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  
A t  low t empera tu res ,  80 t o  120°K, t h e  Fermi 
~~~~~~~ 
t h e  ca r r i e r  c o n c e n t r a t i o n  a t  low t empera tu res  and t h i s  e x p l a i n s  
why i n  t h e  samples i r r a d i a t e d  t o  lowes t  i n t e g r a t e d  f l u x e s  t h e  
Fermi leve ls  are t h e  same as f o r  the samples i r r a d i a t e d  t o  h i g h e r  
i n t e g r a t e d  f l u x e s  even though t h e  ca r r ie r  c o n c e n t r a t i o n s  are a b i t  
d i f f e r e n t .  
From exper iments  on 10 and 30  - c m  n- type G e  r e p o r t e d  on i n  
p r e v i o u s  p r o g r e s s  r epor t s ' ' ) ,  i t  w a s  observed  t h a t  t he  Fermi leve l  
I .  41. 
e x t r a p o l a t e d  t o  O°K i s  down t o  w.01 eV below t h e  top  of t he  
va l ence  band a f t e r  50 Mev e l e c t r o n  i r r a d i a t i o n s  t o  i n t e g r a t e d  
f l u x e s  a s  low as 1-5 x 
Fermi l e v e l  f o r  t h e s e  samples is s t i l l  dropping  toward t h e  
2 e l ec t rons / cm . The room tempera tu re  
2 u l t i m a t e  va lue  even a f t e r  i n t e g r a t e d  f l u x e s  e l ec t rons / cm . 
A t  300°K, t h e  Fermi l e v e l s  of  the 10 and 30 n” -cm samples  a f t e r  
i r r a d i a t i o n  t o  1017 e/cm2 are  around 0.28 e V  above t h e  top  of  
t h e  va l ence  band. 
S ince  the  doping concen t r a t ion  i n  t h e  10 and 30 R - c m  samples 
i s  less than i n  t h e  0 . 1  and 1 R -cm samples t h e  u l t i m a t e  F e r m i  
l e v e l  a f t e r  i r r a d i a t i o n  should  be f u r t h e r  from t h e  va l ence  band 
i n  t h e  l i g h t l y  doped m a t e r i a l  (10 and 3 O f l - c m ) ,  based  on r e su l t s  
g iven  h e r e .  But even t a k i n g  t h i s  i n t o  accoun t ,  t h e  10 and 30 R - c m  
samples d id  n o t  r e a c h  an u l t i m a t e  Fermi l e v e l  v a l u e .  One example 
of 1 0 f l - c m  m a t e r i a l  i s  shown in F ig .  29. From t h i s  i t  can be 
seen  t h a t  even a t  t h e  l o w e s t  t empera tures ,  a t  which measurements 
w e r e  made t h e  Fermi l e v e l  of the 10 R -cm sample i s  s t i l l  w e l l  
above t h e  two u l t i m a t e  Fermi l e v e l s  of t h e  0 . 1  and 1 R - cm samples 
from t h i s  exper iment  and t h e  l a t t e r  two c o i n c i d e  i n  t h i s  range. 
Thus, j.t i c  &v i o u s  -+ha+ in-t&-pr- q e r 4 m e f f f s f h e  +artples 
w e r e  n o t  i r r a d i a t e d  t o  s u f f i c i e n t l y  h igh  i n t e g r a t e d  f l u x e s  t o  
d r i v e  t h e  samples t o  u l t i m a t e  Fermi l e v e l s .  
The conc lus ion  t o  be drawn from t h e  p r e s e n t  exper iment  i s  
18 t h a t  t h e  Fermi  l e v e l  reaches  an u l t i m a t e  va lue  a f t e r  about  10 
e l ec t rons / cm2  and t h a t  t he  o r i g i n a l  doping of t h e  sample a f f e c t s  
t h e  l o c a t i o n  of t h e  Fermi l e v e l .  The u l t i m a t e  F e r m i  l e v e l  i s  
h i g h e r  t h e  lower t h e  doping c o n c e n t r a t i o n  i n  t h e  sample.  
abou t  e l ec t rons / cm2  t o  reach t h i s  u l t i m a t e  level a long  t h e  
It  t akes  
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e n t i r e  tempera ture  range  from l i q u i d  n i t r o g e n  t o  room t empera tu re .  
But f l u x e s  o f  
o f  t h e  Fermi level enough t h a t ,  when e x t r a p o l a t e d  t o  OOK,  i t  f a l l s  
e l ec t rons / cm2  lower t h e  low t empera tu re  end 
below t h e  t o p  of  t h e  v a l e n c e  band and is  t h e  same v a l u e  as t h a t  o f  
t h e  more h i g h l y  i r r a d i a t e d  samples.  
P- type germanium samples of abou t  t h i r t y  ohm-cm were i r r a d i a t e d  
i n  a p r e v i o u s  exper iment  t o  i n t e g r a t e d  f l u x e s  from abou t  t o  
5 x e l e c t r o n s / c m  . The Fermi levels o f  t h e s e  samples have 2 
n o t  reached  t h e  u l t i m a t e  v a l u e  of t h e  samples s t u d i e d  i n  t h i s  
exper iment  and are even h i g h e r  than t h e  Fermi l e v e l s  o f  t h e  
i r r a d i a t e d  t e n  ohm-cm n-type material  p r e v i o u s l y  mentioned.  It  i s  
n o t  c l e a r  whether  t h i s  h i g h e r  va lue  i s  t h e  u l t i m a t e  Fermi level  
f o r  p- type  material o r  i f  i t  w i l l  c o n t i n u e  t o  f a l l  upon f u r t h e r  
i r r a d i a t i o n .  F u r t h e r  i r r a d i a t i o n  on t h i s  p - type  material has  been 
performed b u t  t h e  r e s u l t s  w e r e  no t  a v a i l a b l e  t o  i n c l u d e  i n  t h i s  
p r o g r e s s  r e p o r t .  
Oxygen-Doped Germanium Experiment 
Th i s  exper iment  w a s  performed t o  o b t a i n  e l e c t r i c a l  measure- 
ments t o  compare w i t h  i n f r a r e d  measurements on oxygen-doped 
~ m a n h l l l  oLta  i n e d  LLI p r e  vimcky-repo A o m ~ a t -  
i r r a d i a t i o n s  and e s p e c i a l l y  i n  a 125'K i r r a d i a t i o n  r e p o r t e d  on 
i n  t h e  t h i r d  s e c t i o n  of t h i s  r e p o r t .  The purpose  behind  t h e s e  
expe r imen t s  w a s  t o  see i f  t h e r e  w e r e  any s imi la r i t i es  between 
oxygen-doped germanium and oxygen-doped s i l i c o n  r a d i a t i o n  damage, 
t h e  l a t t e r  of which i s  f a i r l y  w e l l  unders tood .  
Two samples were i r radiated s i m u l t a n e o u s l y  w i t h  45 Mev 
e l e c t r o n s  t o  a n  i n t e g r a t e d  f l u x  of  2 .7  x e l e c t r o n s / c m 2  a t  
a b o u t  82OK. One w a s  oxygen doped and t h e  o t h e r  antimony doped t o  
43. 
res i s t iv i t ies  of abou t  one ohm-cm. The l a t t e r  w a s  used as a check 
t o  observe  c o r r e l a t i o n s  and d i f f e r e n c e s  between oxygen-doped and  
oxygen-free germanium. 
i s o c h r o n a l l y  u s i n g  20 minute  pu l ses  a t  v a r i o u s  t empera tu res  from 
A f t e r  i r r a d i a t i o n  t h e  samples w e r e  annea led  
w l O O 0 K  up t o  380°K. 
The f l u x  dependence of t h e  c o n d u c t i v i t i e s  and c a r r i e r  concen- 
t r a t i o n s  of b o t h  samples are shown i n  F i g .  31. The i n i t i a l  s l o p e s  
are g i v e n  i n  Table  I .  
TABLE I 
Oxygen Doped Antimony Doped 
Carrier Concen t r a t ion  11.6/cm 12.4/cm 
Conduc t iv i ty  2 .08  x cm3/  2 .76 x cm3/ 
e l e c t r o n  e l e c t r o n  
The carrier c o n c e n t r a t i o n  change occur s  a t  abou t  t h e  same 
rate f o r  bo th  samples b u t  t h e  antimony-doped sample has  a f a s t e r  
ra te  o f  d e c r e a s e  of c o n d u c t i v i t y .  
The tempera ture  dependences of t h e  c a r r i e r  c o n c e n t r a t i o n s  
f o r  t h e  oxygen- and t h e  antimony-doped samples a f t e r  each  a n n e a l  
are shown i n  F i g s .  32 and 33 r e s p e c t i v e l y .  The c o n d u c t i v i t y  of 
t h e  antimony-doped sample i s  shown i n  F i g .  34. The f r a c t i o n  of 
t h e  carr ier  c o n c e n t r a t i o n  damage remaining as a f u n c t i o n  of  t h e  
a n n e a l i n g  tempera ture  i s  shown i n  F ig .  35. The a n n e a l i n g  of t h e  
c o n d u c t i v i t y  of t h e  antimony-doped sample u s i n g  as a r e f e r e n c e  t h e  
v a l u e  a t  1000/T = 12.0  (OK)-' is  shown i n  F i g .  36. 
I n  t h e  oxygen-doped sample, t h e r e  i s  a donor level a t  Ec-0.20eV i i  
u n i r r a d i a t e d  material due probably t o  two oxygen atoms and has  been 
s t u d i e d  p r e v i o u s l y  by F u l l e r  and Dole iden(2) .  A l e v e l  i n t r o d u c e d  
44.  
by i r r a d i a t i o n  t h a t  a c t s  as an a c c e p t o r  i s  a t  a b o u t  t h e  same energy  
as t h e  o r i g i n a l  level  o r  deepe r ,  making t h e  ene rgy  d e t e r m i n a t i o n  
d i f f i c u l t .  From F ig .  32 and t a k i n g  i n t o  accoun t  t h e  p o s i t i o n  of  
t h e  Fermi level d e f e c t  energy  l e v e l s  a p p e a r  t o  be deepe r  t h a n  
0.14 e V  below t h e  conduc t ion  band. No s i n g l e  level  i s  r e s o l v a b l e  
f o r  t h e  oxygen-doped sample (Fig.  3 2 ) .  There are no s h a l l o w  
l e v e l s  i n t r o d u c e d  by i r r a d i a t i o n  t h a t  can  be s e e n  from t h i s  
exper iment .  The a n n e a l i n g  of t h e  c a r r i e r  c o n c e n t r a t i o n  does n o t  
co r re spond  t o  t h e  a n n e a l i n g  o f  any of t h e  i n f r a r e d  a b s o r p t i o n  
bands r e p o r t e d  on i n  S e c t i o n  111 of  t h i s  r e p o r t .  The c a r r i e r  con- 
c e n t r a t i o n  a n n e a l i n g  has  a broad a n n e a l i n g  peak from 120°K t o  
240°K i n  which a b o u t  50% of t h e  damage a n n e a l e d  o u t .  
up t o  t h e  h i g h e s t  a n n e a l i n g  t empera tu re ,  380°K, less t h a n  10% more 
damage annea led  o u t  so  t h e r e  i s  s t i l l  40% of  t h e  damage remain ing  
a t  380°K. 
From 240°K 
I n  t h e  antimony-doped sample, s u r e l y  one and p o s s i b l e  t h r e e  
d e f e c t  levels are i n t r o d u c e d  by i r r a d i a t i o n .  Most of  t h e  c a r r i e r s ,  
a b o u t  75%, are t r a p p e d  on a l e v e l  l o c a t e d  a t  .20 e V f  .03 e V  
below t h e  conduc t ion  band. The 0.2 e V  l eve l  has  been observed  by 
many worke r s .  It  is  t h e  ann-ng Kf7Elithis~Levef t h a t ~ s  Snown i n =  
F i g .  35 a long  w i t h  t h e  annea l ing  o f  a l l  levels .  The h i g h  t e m p e r a t u r e  
level  o f f  of t h e  c a r r i e r  c o n c e n t r a t i o n  c o u l d  n o t  be reached  due t o  
t h e  e l e v a t e d  t e m p e r a t u r a  so t h e  c o n c e n t r a t i o n  o f  d e f e c t s  a s s o c i a t e d  
w i t h  the 0 .2  e V  level  c o u l d  not be o b t a i n e d  e x a c t l y .  It appea r s  
~~ ~ _ _ _ _ _ _ _ _ _ _  
t h a t  the c a r r i e r  c o n c e n t r a t i o n  cu rves  level  o f f  below t h e  p r e -  
i r r a d i a t i o n  v a l u e  s o  t h a t  t h e r e  must be a level deepe r  t h a n  ~ 0 . 2  e V  
below col lduct ion band produced by t h e  i r r a d i a t i o n  t h a t  i s  r e s p o n s i b l e  
-L n 
The s o l d e r  used t o  make t h e  ohmic c o n t a c t s  would have me l t ed  
b e f o r e  r e a c h i n g  t h e  e l e v a t e d  t empera tu res .  
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f o r  t r a p p i n g  abou t  25% of t h e  c a r r i e r s .  Nothing can be s a id  abou t  
t h i s  deeper  l eve l  as i t s  e x i s t a n c e  i s  o n l y  i n f e r r e d  from what 
appea r s  t o  be carriers s t i l l  t rapped  a f t e r  t h e  0.2 e V  l eve l  i s  
i o n i z e d .  A c t u a l l y ,  t h e  deeper  level c o n c e n t r a t i o n  may be c o n s i d e r a b l y  
less  than  25% of  t h e  removed c a r r i e r s .  It i s  f a i r l y  d e f i n i t e  t h a t  
t h e r e  i s  a sha l low level ,  o r  l e v e l s  ( ( 0 . 0 8  e V  from conduc t ion  
band) in t roduced  by t h e  r a d i a t i o n  b u t  s o  many of  t h e  o t h e r  levels 
are i n t r o d u c e d  t h a t  few e l e c t r o n s  are t r a p p e d  on t h e  sha l low level 
and when it i s  b e i n g  i o n i z e d ,  t h e  car r ie r  c o n c e n t r a t i o n  i s  s o  low 
t h a t  l i t t l e  meaning can  be g o t t e n  from t h e  measurement. The 
c o n d u c t i v i t y  shows up t h e  shal low level  i n  a much c learer  f a s h i o n .  
From F i g .  34, i t  can  be seen  t h a t ,  upon a n n e a l i n g ,  t h e  c o n d u c t i v i t y  
f i r s t  d rops  a t  about  223'K and t h e n  rises u n t i l  t h e  l eve l  i s  gone 
a t  abou t  290°K. The 0 . 2  e V  l e v e l  begins  going  o u t  a t  abou t  280°K 
so t h a t  it i s  s t i l l  t r a p p i n g  almost  all of t h e  carr iers  u n t i l  t h e  
sha l low level i s  gone. The sha l low leve l  a n n e a l i n g  peak  i s  f a i r l y  
s h a r p ,  o c c u r r i n g  between 220°K t o  290°K ( s e e  F ig .  36 ) .  
level  i s  what causes  t h e  la rge  changes i n  c o n d u c t i v i t y  around 240°K 
i n  F i g .  36. These la rge  changes cannot  be observed i n  t h e  car r ie r  
a m c e n t r a t  i-c3- e &cage- c b g e - c  cl-lg. a s  t k n o  e a r  r& 
c o n c e n t r a t i o n  change due t o  i r r a d i a t i o n  i s  t o o  l a r g e .  Th i s  i s  why 
t h e  c o n d u c t i v i t y  r e su l t s  have been p l o t t e d  as shown i n  F i g .  36. 
The 0 .2  e V  level  a l s o  has  a f a i r l y  s h a r p  a n n e a l i n g  stage t h a t  
s tar ts  a t  a b o u t  280°K and i s  s t i l l  r e c o v e r i n g  a t  t h e  h i g h e s t  a n n e a l  
t empera tu re  360°K. 
a n n e a l .  A t  t h i s  p o i n t ,  less than 30% of t h e  level  w a s  l e f t  a l t hough  
abou t  45% of t h e  t o t a l  damage was l e f t .  
T h i s  s h a l l o w  
The s o l d e r  on t h e  l e a d s  mel ted  on t h e  n e x t  
46.  
Comparing t h e  oxygen and antimony doped samples ,  i t  can  be 
s e e n  t h a t  b o t h  t h e  energy  levels and a n n e a l i n g  behav io r s  of  t h e  
r a d i a t i o n  induced d e f e c t s  are d i f f e r e n t .  Thus, i t  is  concluded  
t h a t  t h e  d e f e c t s  i n t r o d u c e d  depend on t h e  dopant  i n  t h e  sample.  
It  t h e r e f o r e  appea r s  t o  be a co inc idence  t h a t  t h e  i n t r o d u c t i o n  
rates are c l o s e  t o  t h e  same. The f a c t  t h a t  the c o n d u c t i v i t i e s  
change a t  a d i f f e r e n t  ra te  r e i n f o r c e s  t h i s  c o n c l u s i o n  as t h e  
d e f e c t s  formed i n  t h e  antimony doped sample lower t h e  m o b i l i t y  
more p e r  d e f e c t  t h a n  t h o s e  i n  t h e  oxygen doped sample,  showing 
t h a t  t h e  antimony d e f e c t s  are more e f f i c i e n t  scat terers .  
I 
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V I .  Pho toconduc t iv i ty  S t u d i e s  i n  10-50 Mev 
E l e c t r o n - I r r a d i a t e d  S i l i c o n *  
L. J. Cheng and A .  H. K a l m a  
A low-noise ,  h i g h  impedence a m p l i f i e r  c a p a b l e  o f  measuring a 
v e r y  s m a l l  p h o t o c o n d u c t i v i t y  s i g n a l  (about  o r d e r  of t o  10-8 
v o l t )  a t  13 c y c l e / s e c  f requency ,  has  been c o n s t r u c t e d .  The p r e -  
a m p l i f i e r  c o n s i s t s  of  two n u v i s t o r  t ubes  w i t h  open g r i d  a t  t h e  
f i r s t  s t a g e .  The s e n s i t i v i t y  of t h e  a m p l i f i e r  i s  v e r y  h igh .  
P r e c i s e  p h o t o c o n d u c t i v i t y  s p e c t r a  cannot  be o b t a i n e d ,  u n l e s s  t h e  
a b s o r p t i o n  of  i n f r a r e d  l i g h t  due t o  water vapor  and carbon d i o x i d e  
i n  t h e  sys tem can  be comple te ly  e l i m i n a t e d .  We have t r i e d  t o  use  
a method of  f l u s h i n g  t h e  sys tem by d r y  n i t r o g e n  g a s ,  b u t  t h e  r e s u l t  
I w a s  s t i l l  u n s a t i s f a c t o r y .  I n  order  t o  comple te ly  e l i m i n a t e  t h e  
I 
water and C02 e f f e c t s ,  an  evacuable Model 1500 3 / 4  meter Czerny- 
Turner  monochromator u t i l i z i n g  Bausch and Lomb g r a t i n g s  has  been 
o r d e r e d  from Spex I n d u s t r i e s ,  I n c .  and i s  expec ted  t o  be d e l i v e r e d  
t o  us  by December 1965. This  evacuable  monochromator w i l l  have 
ene rgy  r e s o l u t i o n  s u p e r i o r  t o  o u r  p r e s e n t  sys tem and  w i l l  g r e a t l y  
f a c i l i t a t e  o u r  photoconduct iv i€yexperhents . -  -- - - ------ ~ -- - - - -- 
I 
-1 
~ - - -  - ~ - ---------- 
-- 
---- 
I n  o u r  r e c e n t  s t u d i e s  on the  u n i a x i a l  stress e f f e c t s  on t h e  
r a d i a t i o n - i n d u c e d  1.8 p i n f r a r e d  a b s o r p t i o n  band, we have concluded 
t h a t  t h e  1 . 8 ~  a b s o r p t i o n  band i s  due t o  t h e  e l e c t r o n i c  e x c i t a t i o n  
of  t h e  s i l i c o n  divacancy i n  one of i t s  charged states.  It would 
be v e r y  i n t e r e s t i n g  t o  s t u d y  t h e  d i ch ro i sm i n  t h e  p h o t o c o n d u c t i v i t y  
of  i r r a d i a t e d  s i l i c o n  under va r ious  s t r e s s i n g  c o n d i t i o n s .  Now w e  
know q u i t e  w e l l  t h e  symmetry of t h e  d ivacancy  from i n f r a r e d  
* 
I n  view of  t h e  improvements and m o d i f i c a t i o n s  o f  t h e  equipment 
c u r r e n t l y  underway, w e  s h a l l  g i v e  on ly  a b r i e f  d i s c u s s i o n  o f  t h i s  
work. 
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a b s o r p t i o n  and e l e c t r o n  s p i n  resonance  expe r imen t s .  We s h a l l  l ook  
i n t o  what k i n d  of pho toconduc t iv i ty  i s  caused  by t h e  d ivacancy  and 
de termine  t h e  e l e c t r o n i c  levels of t h e  d ivacancy  l o c a t e d  i n  t h e  
f o r b i d d e n  gap i n  s i l i c o n .  The s t u d i e s  o f  t h e  d i c h r o i s m  i n  photo-  
c o n d u c t i v i t y  would be a b l e  t o  g i v e  us some mic roscop ic  i n f o r m a t i o n  
conce rn ing  d e f e c t  energy  levels and charged  state.  
W e  have i r r a d i a t e d  several o r i e n t e d  samples of 100-/:.-cm 
f l o a t i n g  zone s i l i c o n  doped w i t h  phosphorus w i t h  n e u t r o n s  a t  room 
tempera tu re .  The n e u t r o n  f l u x  was o b t a i n e d  from ( r , n )  r e a c t i o n s  
of b remss t r ah lung  r a d i a t i o n  caused by a n  e l e c t r o n  beam i n c i d e n t  
on a t u n g s t e n  t a r g e t  d u r i n g  t h e  u s e  of  Linac  by a n o t h e r  group. 
T h i s  i r r a d i a t i o n  w a s  j u s t  t o  o b t a i n  samples t o  check o u t  t h e  
e x p e r i m e n t a l  method of measuring photoconduct ive  d i ch ro i sm.  
E v e n t u a l l y  we p l a n  t o  i r r a d i a t e  samples w i t h  10-50 Mev e l e c t r o n s  
i n  o r d e r  t o  s t u d y  pho toconduc t iv i ty  due t o  s p e c i f i c  d e f e c t s ,  such  
as t h e  d ivacancy .  A s p e c i a l  AgCl p o l a r i z e r  w a s  b u i l t  i n  o r d e r  t o  
a c h i e v e  p o l a r i z e d  l i g h t .  
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F igu re  Capt ions 
F ig .  1 
F ig .  2 
F i g .  3 
Fig .  4 
F i g .  5 
F ig .  6 
Fig .  7 
F ig .  8 
F i g .  10 
F i g .  11 
Schematic diagram of r a d i a t i o n - i n d u c e d  d e f e c t  i n f r a r e d  
a b s o r p t i o n  bands i n  s i l i c o n  (bo th  n- and p- type)  i n  t h e  
wavelength r e g i o n  1 t o  13 . 
Produc t ion  rate o f  t h e  1 . 8 ~  a b s o r p t i o n  band i n  f l o a t i n g -  
zone and i n  p u l l e d o s i l i c o n  i r r a d i a t e d  by 5 ~ 4 5  Mev 
e l e c t r o n s  a t  2 3 0 0  K. 
/1 
I s o c h r o n a l  a n n e a l i n g  (20 minutes  a t  each t empera tu re )  of 
t h e  1 . 8 ~  d e f e c t  a b s o r p t i o n  band i n  p u l l e d  and i n  f l o a t i n g -  
zone s i l i c o n  i r r a d i a t e d  by 2 4 5  Mev e l e c t r o n s  a t  900OK. 
A model of t h e  divacancy d e f e c t  i n  s i l i c o n  a c c o r d i n g  t o  
G. D .  Watkins and J .  W.  C o r b e t t  (see t e x t ) .  
Diagrams showing t h e  t h r e e  e q u i v a l e n t  e l e c t r o n i c  
d i s t r i b u t i o n s  of t h e  divacancy d e f e c t  i n  s i l i c o n .  
Dichroism of t h e  1.8 p a b s o r p t i o n  band i n  s i l i c o n  
r e s u l t i n g  from room tempera ture  s t r e s s i n g  i n  t h e  $00) 
d i r e c t i o n .  Note i n f r a r e d  beam (IR) i s  i n  t h e  (011 
d i r e c t i o n .  (See Table  I and tex t ) .  
Dichroism e x h i b i t e d  by t h e  1 . 8 ~  a b s o r p t i o n  band i n  
s i l i c o n  ( i r r a d i a t e d  a t  300°K) r e s u l t i n g  from 15 minute  
stress a t  4 1 6 0 ° C  ( see  Table  I1 and t e x t ) .  
Comparison of t h e  recovery  of s t r e s s - i n d u c e d  d ivacancy  
a x i s  p o l a r i z a t i o n  i n  s i l i c o n  from i n f r a r e d  measurements 
(Dichroism) and from s p i n  resonance  measurements (ESR) 
by Watkins and Corbe t t .  Both i s o c h r o n a l  a n n e a l s  used 
1 5  minute tempera ture  p u l s e s  ( s e e  t e x t ) .  
l s n t h p r m  a l a n n e a l s  of  t h e  1.8 d e f e c t  a b s o r p t i o n  band 
a t  248% and a t  1 9 8 O C  f o r  45 M e v e e c T r o S r m d l ' a t e X ?  
(at -300°K) f l o a t i n g - z o n e  s i l i c o n .  
I s o t h e r m a l  a n n e a l  of  t he  d i ch ro i sm e x h i b i t e d  by t h e  
1 . 8 ~  a b s o r p t i o n  band a t  1 2 2 O C ,  106% and 100°C. The 
stress w a s  a p p l i e d  i n  t h e  (110) d i r e c t i o n  and t h e  i n f r a r e d  
beam passed  through the  sample i n  t h e  (1TO) d i r e c t i o n  
(see t e x t ) .  
T i m e  f o r  50% a n n e a l  p l o t t e d  as a f u n c t i o n  of 
(1) a n n e a l  of 1 . 8 ~  band i n  f l o a t i n g - z o n e  s i l i x  (2 )  
a n n e a l i n g  d a t a  on t h e  1 . 8  
t e x t )  and (3 )  annea l ing  o p t h e  d i ch ro i sm of  t h e  1 .8  f.' 
band. 
'000 f o r  
band of Fan and Ramdas ( s e e  
. 
F i g .  12 
F i g .  13 
F i g .  1 4  
F ig .  15  
F i g .  16 
F i g .  1 7  
F ig .  18 
F i g .  19  
- ~~ 
F i g .  20 
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Simple LCAO molecular  o r b i t a l  model o f  t h e  e l e c t r o n i c  
s t r u c t u r e  of  t h e  s i l i c o n  d ivacancy  a f t e r  J a h n - T e l l e r  
d i s t o r t i o n  showing the p o s s i b l e  e l e c t r o n i c  t r a n s i t i o n s .  
R a t i o  o f  t h e  d ichro ism o f  1 . 8 ~  band K i t h  t h e  i n f r a r e d  
beam i n  t h e  (001) d i r e c t i o n  t o  t h e  (110) d i r e c t i o n  
( a f t e r  s t r e s s i n g  i n  (110) d i r e c t i o n  p l o t t e d  a s  a 
f u n c t i o n  of  8 ,  ( d i r e c t i o n  o f f  any &lo) a x i s )  f o r  
v a r i o u s  v a l u e s  o f  *~/d,, . 
shown on t h e  graph .  
The measured v a l u e  i s  
I n f r a r e d  s p e c t r a  f o r  i r r a d i a t e d  oxygen-doped germanium 
i n  t h e  wavelength  r gion 2 . 5  microns (4000 cm-1) t o  
a t  125OK b e f o r e  annea l  and a f t e r  20 minute  a n n e a l s  a t  
t h e  i n d i c a t e d  t empera tu res .  A l l  s p e c t r a  were measured 
a t  800K. 
20 microns (500 cm' f ) a f t e r  48 Mev e l e c t r o n  i r r a d i a t i o n  
I n f r a r e d  s p e c t r a  f o r  i r r a d i a t e d  oxygen-doped germanium 
showing i n  d e t a i l  t he  wavelength  re i o n  11.4 microns 
e l e c t r o n  i r r a d i a t i o n  a t  1250K b e f o r e  a n n e a l  and a f t e r  
20 minute  a n n e a l s  a t  t h e  i n d i c a t e d  t e m p e r a t u r e s .  A l l  
s p e c t r a  w e r e  measured a t  800K. 
I s o c h r o n a l  a n n e a l i n g  of  oxygen-as soc ia t ed  d e f e c t  
a b s o r p t i o n  bands (from 500K up t o  6000K) i n  i r r a d i a t e d  
oxygen-doped germanium. See t e x t  of  S e c t i o n  111 f o r  
d e t a i l e d  e x p l a n a t i o n .  
Schematic of  expe r imen ta l  a r rangement  f o r  85'K 
i r r a d i a t i o n s .  
I s o c h r o n a l  a n n e a l i n g  of l i f e t i m e  i n  4 n  - c m  indium- 
doped G e  i r r a d i a t e d  a t  850K w i t h  1 O I 2  and 1 . 3  x 1013 
e / c m 2  of 47 MeV. 
(880 c m - 1 )  t o  16 .7  microns (600 cm- H ) a f t e r  48 Mev 
T y p i c a l  r e sponse  of an i r r a d i a t e d  sample t o  a b u r s t  
X x - r a y s ,  m , l t i n g  mirxrPir;yc-arr-i;ertrapptrrg .- 
Measurement made a t  8S°K. 
I s o c h r o n a l  a n n e a l i n g  o f  t r a p s  and a c c e p t o r s  i n  20fl-cm 
As-doped G e .  
I s o c h r o n a l  a n n e a l i n g  of t r a p s  and a c c e p t o r s  i n  2 0 1 1  - c m  
Sb-doped G e .  
~ 
I n t r o d u c t i o n  of t raps  and removal of conduc t ion  
e l e c t r o n s  i n  9 -cm Sb-doped G e .  
Response of  9R-cm Sb-doped G e  a t  85OK t o  a b u r s t  of 
x - r a y s .  
I s o c h r o n a l  a n n e a l i n g  of  t r a p s  and a c c e p t o r s  i n  9R - c m  
Sb-doped G e .  
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Fig .  33 
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Fig .  35 
I s o c h r o n a l  a n n e a l i n g  of l o n g - l i v e d  - r aps  i n  9 R - c m  Sb- 
doped G e .  
I s o c h r o n a l  a n n e a l i n g  of r e c o n b i n a t i o n  c e n t e r s  i n  9 R - c m  
Sb-doped G e .  
Defec t  level  scheme of 9 f2 - c m  Sb-doped G e .  
Trap i n t r o d u c t i o n  a t  300°K vs. donor c o n t e n t  and t y p e  
f o r  6 Mev and 47 Mev i r r a d i a t i o n .  
Tempera u r e  dependence of Fermi levels f o r  0 .1 ,  1 .0  
( s o l i d  cu rves  a t  t o  of f i g u r e )  and a f te r  i r r a d i a t i o n  
of  2 .9  x 1018 e/cm2 and t h e  lOn- m sample t o  a n  
i n t e g r a t e d  f l u x  of 5 .7  x 1016 e/cm’ w i t h  z 5 0  Mev 
e l e c t r o n s  a t  .-,325OK (dashed cu rves  a t  bottom of  f i g u r e  
are f o r  pos t - i r r a d i a t i o n  t empera tu re  dependence.$. 
Temperature dependence of carr ier  c o n c e n t r a t i o n  0 . 1  fi - c m  
antimong-doped germanium a f t e r  50 Mev e l e c t r o n  i r f t d i a t i p n  
(a t  325 K) t o  t o t a  i n t e  r a t e d  f l u x e s  of  0 . 9  x 0 eicm 
curve  1, 1 . 7  x lo1& e/cm9 cu rve  2 ,and  2 . 9  x 
curve  3 ,  t h e  unmarked cu rve  i s  t h e  c a r r i e r  c o n c e n t r a t i o n  
tempera ture  dependence b e f o r e  i r r a d i a t i o n .  
and 10 ii - c m  Sb-doped germanium b e f o r e  i r r a d i a t i o n  
of t h e  0 . 1  and 1.0 fr - c m  samples t o  i n t e g r a t e d  f l u x e s  
e / c m  
Flux dependence of c a r r i e r  c o n c e n t r a t i o n  and c o n d u c t i v i t y  
f o r  a n  oxygen- and an  antimony-doped germanium sample 
i r r a d i a t e d  s imul t aneous ly  by 2 45 Mev e l e c t r o n s  a t  3 82OK. 
Temperature dependence of carrier c o n c e n t r a t i o n  o f  
oxygen-doped germanium b e f o r e  and a f t e r  i r r a d i a t i o n  and 
a n n e a l i n g  f o r  20 minutes a t  t h e  t empera tu res  i n d i c a t e d  
on t h e  f i g u r e .  
Temperature dependence of carrier c o n c e n t r a t i o n  of 
antimony-doped germanium b e f o r e  and a f t e r  i r r a d i a t i o n  
a n d a m e a l i n g  for 20 minutes  a t  t h e  t r = q e  r a t u r e s  ~ 
i n d i c a t e d  on t h e  f i g u r e .  
Temperature dependence of t h e  c o n d u c t i v i t y  of antimony- 
doped germanium be fo re  and a f t e r  i r r a d i a t i o n  and a n n e a l i n g  
f o r  20 minutes  a t  each of  t h e  t empera tu res  i n d i c a t e d  
on t h e  f i g u r e .  
The p e r c e n t  of c a r r i e r  c o n c e n t r a t i o n  damage remain ing  
as a f u n c t i o n  of annea l ing  t empera tu re  (20 minute  
p u l s e s )  f o r  i r r a d i a t e d  oxygen- and antimony-doped 
germanium. Note: f o r  t h e  antimony-doped sample i s o c h r o n a l  
a curve i s  g iven  f o r  a l l  d e f e c t s  and t h e  0 .2  e V  level 
s e p a r a t e l y .  
53. 
F ig .  36 Anneal ing of  c o n d u c t i v i t y  c j i  i r i - a c l i  a Led antimony-doped 
germanium. I n  each  case the. c o n d u c t i v i t y  v a l u e s  shown 
were measured a t  83.5"K a f t e r  20 minute a n n e a l s  a t  
tempera tures  g iven  i n  t h e  LigurfJ. 
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